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iPreface
This dissertation, entitled ON THE CIRCULATION OF THE NORTH ATLANTIC SHADOW 
ZONE, is presented as a partial requirement to obtain the Doctoral degree from the Universitat 
Politècnica de Catalunya. This investigation is the compilation of three studies aimed at de-
scribing the circulation within the North Atlantic shadow zone an its role on the ventilation of 
the North Atlantic Oxygen Minimum Zone. This thesis investigation was conducted between 
2009 and 2014 under the guidance of Dr. José Luís Pelegrí Llopart, who is an investigator from 
WKH,QVWLWXWGH&LqQFLHVGHO0DU&RQVHMR6XSHULRUGH,QYHVWLJDFLRQHV&LHQWt¿FDVVXSSRUWHG
through an FPI predoctoral grant (BES-2009-021691) in the frame of the research project enti-
tled “Ocean Climate Memory: mechanisms and paths of surface water formation in the Equato-
rial Atlantic” (MOC2-Ecuatorial, ref. CTM2008-06438-C02-01/MAR).
This doctoral dissertation is structured with an introductory chapter which describes the main 
dynamic systems that interplay in the circulation of the shadow zone. The following three chap-
WHUVFRQVWLWXWHWKHFRUHRIWKHGLVVHUWDWLRQHDFKRIWKHPLVSUHVHQWHGDVDVFLHQWL¿FDUWLFOH:KLOH
ZULWLQJWKLVWKHVLVWKH¿UVWRIWKHVHDUWLFOHVKDVEHHQSXEOLVKHGLQ6FLHQWLD0DULQD7KHVHFRQG
and third chapters have been submitted to Journal of Geophysical Research as one sole article 
and it is currently under revision. The thesis concludes with a discussion of the main results 
from this work. Asides the above-mentioned articles, along this period of research the author 
of this thesis has engaged in two collaborative research stays abroad (USA and Australia), has 
participated in seven symposia, has coauthored two other published peer-review papers, has 
been the coauthor of two chapter of a book, has attended two international training schools and 




Regions isolated from the wind-driven circulation are found in the eastern margins of the 
world’s tropical oceans. The weak and stagnant circulation of these so-called ‘shadow zones’, 
in combination with the intense respiration of organic matter provided by the overlying highly 
productive waters, promotes the existence of large oceanic volumes with very low dissolved 
oxygen. These volumes are known as oxygen minimum zones (OMZs). The last decades of 
observations have revealed that OMZs are in general expanding, and thus potentially threatening 
the surrounding rich marine ecosystems. However, it is not clear whether this change is based 
on natural variability or it has an anthropogenic origin. Furthermore, under a global warming 
scenario, the future evolution of the OMZs is uncertain due to the complex interaction between 
the physical and biochemical processes that interplay in the OMZs dynamics. 
This dissertation seeks to unravel the key elements of the circulation in the North Atlantic 
shadow zone, aiming to provide a deeper understanding of the physical components that rule the 
dynamics of the North Atlantic OMZ (naOMZ) – this being the less intense OMZ of the world 
ocean but the one that has experienced the largest expansion. A comprehensive description of 
the North Atlantic shadow zone circulation is presented from novel (CANOA08 cruise) and 
historic observations, including numerical outputs from the assimilative ECCO2 circulation 
model.
The main outcome of our work is that two markedly distinct regimes of circulation exist in 
iv
the thermocline layers of the naOMZ, above and below ıș=26.8 kg m-3. In the upper layer, 
within the upper Central Water (uCW), the circulation is governed by the cyclonic regime 
of the subtropical cell. This stratum is characterized by relatively high oxygenation, with a 
predominance of South Atlantic Central Water (SACW). The lower layer, within the lower 
Central Water (lCW), presents a drastic decrease in the oxygen content due to its sluggish 
circulation; in contrast with the uCW, a mean anticyclonic circulation leads to a marked increase 
of North Atlantic Central Water (NACW). This result implies an equatorward transfer of mass 
from the subtropical gyre to the shadow zone, providing a previously unaccounted supply of 
oxygen from the well-ventilated subtropical thermocline. In fact, at the core of the naOMZ, the 




emerge as the major contributor in the water mass supply to the naOMZ. Lagrangian simulation 
UHYHDOVWKDWZKLOHLQWKHX&:PRVWRIWKHZDWHUVXSSO\RFFXUVVRXWKRI1LQWKHO&:PRUH
WKDQWZRWKLUGVRIWKHWRWDOZDWHUVXSSO\WDNHVSODFHQRUWKRI1WKURXJKWKH&DSH9HUGH
Current system with a high contribution of water directly recirculated from the subtropical 
gyre. The accurate numerical reproduction of the water mass composition within the naOMZ 
thermocline, as directly deduced from particle-track Lagrangian simulations, supports the 
JRRGQHVVRIWKH(&&2YHORFLW\¿HOG
The uCW and lCW strata not only exhibit opposite circulation patterns, they also present 
opposite large-scale vertical motions with predominant upwelling in the uCW as part of the 
subtropical cell regime while the lCW presents a broad downwelling pattern. We propose the 
existence of an inverse subtropical cell within the lCW dynamically coupled to the uCW regime. 
The major role these cells play in the circulation of the North Atlantic shadow zone, together 
with their substantial natural interannual and decadal variability, makes them major players on 
the oxygen anomalies observed during the last decades in the world OMZs.
vResumen
En los márgenes orientales de los océanos tropicales existen regiones aisladas de la circulación 
inducidad por el viento. La débil circulación de estas llamadas “zonas de sombra”, en combinación 
con la intensa respiración de la materia orgánica que se produce en las productivas aguas 
VXSHU¿FLDOHVGDOXJDUDODIRUPDFLyQGH=RQDVGH0tQLPR2[tJHQR20=V/DVREVHUYDFLRQHV
durantes las últimas décadas muestran que las OMZs están en general expandiéndose, y por lo 
tanto representan una potencial amenaza por el rico ecosistema marino. Sin embargo, no está 
claro si este proceso se debe a variabilidad natural o tiene un origen antropogénico. Es más, 
en condiciones de cambio climático, la futura evolución de las OMZs no está clara debido a la 
compleja interacción entre los procesos físicos y bioquímicos que interactuán en la dinámica 
de las OMZs. 
Esta tesis busca desentrañar los principales elementos de la circulación de la zona de sombra 
GHO$WOiQWLFR1RUWHFRQHO¿QGHFRQVHJXLUXQPHMRUHQWHQGLPLHQWRGHORVFRPSRQHQWHVItVLFRV
que gobiernan la dinámica de las OMZ del Atlántico Norte (naOMZ) – la cual es la que presenta 
una menor extensión pero sin embargo es la que ha crecido más en comparación con el resto de 
las OMZs. Se presenta por tanto una completa descripción de la zona de sombra del Atlántico 
Norte utilizando observaciones tanto inéditas (campaña CANOA08) como históricas, junto con 
la salida del modelo asimilativo ECCO2.
El principal aporte de este trabajo es la distinción de dos marcados regímenes de circulación 
vi
GHQWURGHODWHUPRFOLQDGHODQD20=SRUHQFLPD\SRUGHEDMRGHıș NJP(QODFDSD
superior, dentro de las Aguas Centrales superiores (uCW), la circulación está dominada por el 
régimen ciclónico de la célula subtropical. Esta capa se caracteriza por una relativamente alta 
oxigenación con una predominacia de Aguas Centrales del Atlántico Sur (SACW). La capa 
inferior, dentro de la aguas centrales inferiores (lCW), presenta una drástica reducción en el 
contenido de oxígeno debido a la débil circulación; en contraste con la ACs, un circulación 
anticlónica da lugar a un marcado aumento de Agua Central del Atlántico Norte (NACW). Este 
resultado implica una transferencia de masa hacia el sur desde el giro subtropical hacia la zona 
de sombra, representando un aporte de oxígeno desde la bien oxígenada termoclina subtropical 
el cual no se ha sido tenido en cuenta anteriormente. De hecho, en el núcleo de la naOMZ, la 
contribución de NACW es del 50%.
8QDDQFKDEDQGDGHFRUULHQWHVTXHÀX\HQKDFLDHOHVWHVHHQFXHQWUDHQWUHORV1\ORV1
justo al sur la Corriente Norequatorial. Estas corrientes, aquí llamadas sistema de Corrientes 
de Cabo Verde aparecen como el principal contribuyente al aporte de agua a la naOMZ. 
Simulaciones lagrangianas revelan que mientras que en la uCW, la mayor parte del aporte 
GH DJXD RFXUUH DO QRUWH GH 1 HQ OD O&:PiV GH GRV WHUFLRV RFXUUH DO QRUWH GH 1 D
través del sistema de Corrientes de Cabo Verde con una gran contribución de agua directamente 
recirculada desde el giro subtropical. La precisa reproducción de la composición de masas de 
agua, directamente deducida de las trayectorias numéricas lagrangianas, valida el campo de 
velocidades de ECCO2.
La capas uCW y la lCW no sólo exhíben patrones de circulación opuestos, también presentan 
PRYLPLHQWRV YHUWLFDOHV D JUDQ HVFDOD RSXHVWRV FRQ SUHGRPLQDQFLD GH DÀRUDPLHQWR HQ OD
uCW como parte de la célula subtropical mientras que la lCW muestra un patrón general de 
hundimiento. Proponemos por tanto la existencia de una célula subtropical inversa en la lCW 
dinámicamente acoplada al régimen de la uCW. El papel principal que desempeñan estas 
células en la circulación de la zona de sombra del Atlánico Norte, junto con su gran variabilidad 
interanual e interdecadal, las convierte en las principales candidatas para explicar las anomalías 







The discovery in 1751 by captain Henry Ellis that deep water in the subtropical Atlantic was 
cold despite the warm temperature at the surface may seem obvious to us today but it was a great 
VXUSULVHDWWKDWWLPHDQGWKH¿UVWNQRZQHYLGHQFHRIWKHSHUPDQHQWWKHUPRFOLQH7KHH[SODQDWLRQ
for the permanent thermocline did not appear, however, until much later with the classical 










Stommel [1979] and Luyten et al.>@FRPELQHG,VHOLQ¶VPHULGLRQDOZDWHUPDVVIRUPDWLRQ
scheme with the wind-driven theory of circulation [Sverdrup, 1947], originally proposed 






A major outcome from the Luyten et al. [1983] model is the distinction of two main dynamics 
UHJLRQV WKH ³YHQWLODWHG WKHUPRFOLQH´ WKH VXEWURSLFDO J\UH LWVHOI ZKHUH VXEVXUIDFH OD\HUV
DUH FRQWLQXRXVO\ UHQHZHG WKURXJK WKH ZLQGGULYHQ FLUFXODWLRQ DQG WKH ³VKDGRZ ]RQH´ D
WKHUPRFOLQH UHJLRQ LQ WKHHDVWHUQ WURSLFDORFHDQ LVRODWHG IURP WKLVYHQWLODWLRQ7KLV VKDGRZ
]RQHDSSHDUVIURPWKHFRQGLWLRQWKDWVXEGXFWHGZDWHUSDUFHOVKDYHWRFRQVHUYHWKHLUSRWHQWLDO
YRUWLFLW\39DORQJWKHLUWUDMHFWRULHV)LJXUH7KH39LVTXLWHXQLIRUPLQWKHVXEWURSLFDO
gyre thermocline [Rhines and Young@ WKXVPHULGLRQDODQG]RQDOPRWLRQVDUHDOORZHG










such as inorganic nutrients and tracers [Sarmiento et al., 1982; Kawase et al.@)LJXUH
,QSDUWLFXODUWKHR[\JHQFRQWHQWRIDZDWHUSDUFHOLVVHWXSZKHQLWLVIRUPHGDWWKHRFHDQ
VXUIDFHWKXVLQFRQWDFWZLWKWKHDWPRVSKHUH2QFHWKHZDWHUSDUFHOVXEGXFWVLWVR[\JHQFRQWHQW




Sunyer and Duarte @ 0RUHRYHU R[\JHQ DOVR SOD\V D PDMRU UROH LQ ELRJHRFKHPLFDO
processes, such as in the nitrogen and carbon cycles [Bopp et al., 2002; Lam and Kuypers, 
2011; Paulmier et al.@ZLWKDGLUHFW LPSDFWRQFOLPDWHG\QDPLFV6HYHUDOGHFDGHVRI
REVHUYDWLRQVKDYHUHYHDOHGWKDWWKHZRUOGRFHDQ20=VDUHRQDYHUDJHJURZLQJDQGUHGXFLQJ
WKHLU R[\JHQ FRQWHQW >Garcia et al., 1998; Joos et al., 2003; Stramma et al. D @
+RZHYHU WKHH[DFWZD\ WKH20=VGHR[\JHQL]H LV\HW WREHGHFLSKHUHGZLWK VRPHVWXGLHV
relating the observed trends to global warming [Matear and Hirst, 2003; Oschlies et al., 2008] 
while others point at natural decadal variability [Gnanadesikan et al., 2007; Deutsch et al., 
@7KHNH\UROHRIWKHR[\JHQFRQWHQWIRUWKHPDULQHHFRV\VWHPHQGRUVHVWKHFUXFLDOQHHG
IRUIXUWKHUUHVHDUFKRQWKH20=VG\QDPLFV











1.2.1 The subtropical gyre




WR WKHULJKW LQ WKHQRUWKHUQKHPLVSKHUH$VDQHWUHVXOWVXUIDFHZDWHU LVIRUFHGWRFRQYHUJH
SLOHXSDQGVLQNLQWKHFHQWHURIWKHVXEWURSLFDOUHJLRQ)LJXUHD7KLVFUHDWHVDQRFHDQLF
KLJKSUHVVXUH V\VWHPHTXLYDOHQW WR WKH DWPRVSKHULF$]RUHV+LJKZKLFKGHIRUPV WKHZKROH
WKHUPRFOLQHDQGOHDGVWRWKHGHHSHQLQJRIWKHLVRS\FQDOVLQWKHVXEWURSLFDOUHJLRQ%HORZWKH
sea surface, away from the direct effect of the wind stress, the predominant low-period forces 
are the pressure gradient and the Coriolis force: any water movement in the direction of down-
SUHVVXUH JUDGLHQWV LV GHÀHFWHG E\ WKH&RULROLV IRUFH XQWLO WKH JHRVWURSKLF EDODQFH LV ¿QDOO\













=RQH&9)=[Zenk et al., 1991]DQGÀRZVRIIVKRUH+HQFH WKH&9)=DFWVDVWKHHIIHFWLYH
EDUULHUWRWKHODUJHVFDOHVXEWURSLFDOÀRZUHVWUDLQLQJWKHGLUHFWVXSSO\RIUHFHQWO\VXEGXFWHG













]RQDO FLUFXODWLRQ ZLWK VWURQJ VHDVRQDOLW\ [Stramma and Schott, 1999; Lázaro et al., 2005; 
Rosell-Fieschi et al., 2015]
7KHVRXWKHUQERXQGDU\RIWKHWURSLFDOJ\UHLVWKH1RUWK(TXDWRULDO&RXQWHU&XUUHQW1(&&
DEURDGEDQGRIHDVWZDUGÀRZEHWZHHQ1DQG1[Sverdrup, 1947; Stramma and Schott, 
1999] ,QFRQWUDVWZLWK WKHSHUPDQHQWÀRZRI WKH1(& WKH1(&&LVDVXUIDFHFXUUHQW WRS
PZLWK DPDUNHG VHDVRQDOLW\ OLQNHG WR WKHPHULGLRQDOPLJUDWLRQ RI WKH HDVWHUO\ZLQGV
7General Introduction





DQGÀRZLQJLQWKHWRSPRIWKHZDWHUFROXPQ[Stramma et al., 2005, 2008b; Brandt et al., 
2010]
$IUDFWLRQRIWKHVHHDVWZDUGÀRZV1(&&1(8&DQGQ1(&&UHFLUFXODWHVQRUWKZDUGQHDU
WKH HDVWHUQPDUJLQ SDUWLFXODUO\ FOHDU LQ ODWH VXPPHU DQG IDOO1HDU WKH VXUIDFH LQGXFHGE\





GXFWLRQRFFXUVDORQJWKHVXEWURSLFDOEUDQFKWKH1RUWKDQG6RXWK(TXDWRULDO&XUUHQWVKLJKOLJKWHGLQEOXHSchott et al., [2004]
8Chapter I
and covering the top 300 m [Elmoussaoui et al., 2005] 7KH QRUWKZDUG ÀRZ LV HVSHFLDOO\
enhanced at surface and subsurface layers along the African continent, by the development 




:KLOH WKH WURSLFDO J\UH LV UHGXFHG WR WKH VHDVRQDO *XLQHD 'RPH QHDU WKH VHD VXUIDFH LQ
subsurface layers the cyclonic circulation comprises the whole Atlantic basin, with a southward 
EUDQFKDWWKHZHVWHUQPDUJLQWKDWLVXVXDOO\UHIHUUHGDVWKH*X\DQD8QGHU&XUUHQW[Schott and 
Böning, 1991]0RUHRYHULQDGGLWLRQWRWKHKRUL]RQWDOVFKHPHRIFLUFXODWLRQWKHWURSLFDOJ\UH
DOVR LQFOXGHV D FRPSOH[ DQG VKDOORZ RYHUWXUQLQJ FLUFXODWLRQ7KH FRQWLQXRXV XSZHOOLQJ RI
VXEVXUIDFHZDWHUVQHDUWKHHTXDWRUDQGWKHODWHUSROHZDUG(NPDQWUDQVSRUWDORQJWKHVXUIDFH
WURSLFDOEUDQFKLVFRPSHQVDWHGE\WKHVRXWKZDUGÀRZRIVXEWURSLFDOZDWHUVVXEGXFWHGDORQJ




NJP-3URXJKO\P[Elmoussaoui et al., 2005]%HORZWKHWURSLFDOJ\UHWKHPHDQÀRZLV
H[WUHPHO\ZHDNGRPLQDWHGE\PHVRVFDOHHGG\GLIIXVLRQ[Stramma et al., 2008b]
6RXWK RI WKH WURSLFDO J\UH VRXWK RI 1 DQRWKHU LPSRUWDQW G\QDPLF V\VWHP DSSHDUV WKH
HTXDWRULDO V\VWHPRI ]RQDO MHWV ,WV SUR[LPLW\ WR WKH HTXDWRU FDXVHV WKH&RULROLV IRUFH WREH
very small, so the primary forces are the pressure gradients, the wind stress and the subsurface 
IULFWLRQ7KLVV\VWHPLVSULPDU\JRYHUQHGE\WKH(TXDWRULDO8QGHUFXUUHQW(8&DQHDVWZDUG
MHWDWWKHHTXDWRUZLWKLWVFRUHIRXQGDWGHSWKVRIPGULYHQE\WKH]RQDOSUHVVXUHJUDGLHQW
created by the easterly winds [Brandt et al., 2014]7KH(8&LVVXUURXQGHGE\ WZRVOLJKWO\
GHHSHUMHWVZLWKWKHLUFRUHIRXQGQHDUPWKH1RUWKDQG6RXWK(TXDWRULDO8QGHUFXUUHQWV$W
LQWHUPHGLDWHGHSWKVZH¿QGRWKHUVXEVXUIDFHHDVWZDUGMHWVWKH(TXDWRULDO,QWHUPHGLDWH&XUUHQW
(,& MXVW DW WKH HTXDWRU DQG WKH6RXWK DQG1RUWK ,QWHUPHGLDWH&RXQWHUFXUUHQWV 6,&&DQG
1,&&DVFORVHDVIURPWKHHTXDWRU[Brandt et al., 2008; Rosell-Fieschi et al., 2015]
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7KH¿QDOFRPSRQHQWRIWKHFRPSOH[WURSLFDO1RUWK$WODQWLFFLUFXODWLRQLVWKHXSSHUOLPERIWKH
meridional overturning circulation [Broecker, 1991]$VSDUWRIWKHJOREDOFRQYH\RUEHOWDERXW
15 Sv of southern hemisphere thermocline waters are transported to the northern hemisphere 
WR FRPSHQVDWH WKH IRUPDWLRQ DQG VRXWKZDUG H[SRUW RI 1RUWK $WODQWLF 'HHS :DWHU 7KLV
LQWHUKHPLVSKHULF QRUWKZDUG WUDQVIHU RI VRXWKHUQZDWHUV RFFXUV YLD WKH1RUWK%UD]LO&XUUHQW
1%&DORQJ WKH$PHULFDQFRQWLQHQW [Johns et al., 1998]1RUWKRI WKHHTXDWRU W\SLFDOO\DW
1DQG1 WKH1%&UHWURÀHFWVHDVW WR IHHGERWK WKH(8&DQG LWVQRUWKHUQDQGVRXWKHUQ
EUDQFKHV DQG WKH1(&&$ERXW KDOI RI WKH QRUWKZDUG  6Y UHWURÀHFWV LQWR WKH WURSLFV WR
¿QDOO\ÀRZLQWRWKHVXEWURSLFDO1RUWK$WODQWLFWKURXJKWKHRFHDQLQWHULRUYLD(NPDQG\QDPLFV
[Fratantoni et al., 2000]; the other half reaches the subtropics along the American margin via 
KXJHPHVRVFDOHHGGLHVVKHGE\WKH1%&[Garzoli et al., 2004]$VDUHVXOWRIWKLVPHULGLRQDO
WUDQVIHUWKHWKHUPRFOLQHRIWKHWURSLFDO1RUWK$WODQWLFLVSUHGRPLQDQWO\PDGHXSZLWKVRXWKHUQ
origin waters [Poole and Tomczak, 1999]ZLWKDZHDNLPSRUWRIQRUWKHUQVXEWURSLFDOZDWHUVYLD
the STC [Fratantoni et al., 2000]
1.2.3 The eastern boundary coastal upwelling system
7KHRWKHUPDMRUG\QDPLFHOHPHQWLQWKHQRUWKHDVWHUQWURSLFDO$WODQWLFLVWKH1RUWK:HVW$IULFD
FRDVWDO XSZHOOLQJ V\VWHP 7KH DORQJVKRUH FRPSRQHQW RI WKH ODUJHVFDOH ZLQGV HQFLUFOLQJ












FXUUHQWV LV DOVR DVVRFLDWHG WR WKH FRDVWDO XSZHOOLQJ )LJXUH7KLV V\VWHPFRPSULVHV WKH
&DQDU\8SZHOOLQJ&XUUHQW&8&QHDUWKHVHDVXUIDFH[Pelegrí et al., 2005]DQGWKH3ROHZDUG
8QGHUFXUUHQW 38& DW VXEVXUIDFH OD\HUV [Barton, 1989; Mittelstaedt, 1991]7KH&8& LV D
QDUURZ  NP JHRVWURSKLF VRXWKZDUG ÀRZ KLJKO\ OLQNHG WR WKH EORZLQJZLQG DSSHDULQJ
when the upwelling is strong enough to cause the cross-shore uplift of the density levels outside 
WKHVKHOI7KH38&LQVWHDGLVW\SLFDOO\IRXQGEHWZHHQDQGPRIGHSWKOHDQLQJRQWKH
FRQWLQHQWDOVORSH7KH38&LVGULYHQE\WKHDORQJVKRUHSUHVVXUHJUDGLHQWHVWDEOLVKHGE\WKH




The coastal upwelling system also plays the role of an important along-shore conveyor, capable 








winter and spring [Lázaro et al., 2005],QFRQWUDVWWKHQRUWKZDUG38&LQMHFWVWURSLFDOZDWHUV
LQWRWKHVXEWURSLFDOGRPDLQDVQRUWKDV1W\SLFDOO\GXULQJWKHIDOOVHDVRQ
1.3 Thermocline water masses 
$ZDWHUPDVVLVGH¿QHGDVDODUJHYROXPHRIZDWHUZLWKDFRPPRQIRUPDWLRQKLVWRU\[Tomczak, 
1999]7KHIRUPDWLRQRIDZDWHUPDVVW\SLFDOO\UHIHUVWRWKHPRPHQWZKHQSDUWRIWKHVXUIDFH
waters becomes isolated from direct atmospheric forcing through wind-driven subduction or 
GHHS FRQYHFWLRQ$IWHU WKDWPRPHQW WKH SK\VLFDO SURSHUWLHV WHPSHUDWXUH DQG VDOLQLW\ WKXV
GHQVLW\RI WKHZDWHUPDVVDUHSUHVHUYHGDQG WKH\RQO\VORZO\FKDQJH WKURXJKPL[LQJZLWK





the analysis of how they spread within the ocean interior, thus providing a complementary 




circulation models can also be validated through the comparison between the observational 
water mass composition and the content deduced from the modelled water mass pathways 
FKDSWHU,9
$VGLVFXVVHGEHIRUHWKHSHUPDQHQWWKHUPRFOLQHRIWKHRFHDQLVIRUPHGDVDFRQVHTXHQFHRI




and join the thermocline circulation [Stommel, 1979]7KHVHZDWHUVDUHIRUPHGLQWKHFHQWUDO
DQGKLJKODWLWXGHUHJLRQVRIWKHVXEWURSLFDOJ\UHEHLQJFDOOHG&HQWUDO:DWHUV7KH\IRUPWKH





circulation, with the SACW forming most of the tropical Atlantic thermocline [Poole and 
Tomczak, 1999]+RZHYHUGHVSLWHWKHLGHQWLFDOIRUPDWLRQSURFHVVWKHK\GURJUDSKLFSURSHUWLHV
RIWKH1$&:DQG6$&:DUHTXLWHGLIIHUHQW1$&:LVZDUPHUDQGVDOWLHUWKDQ6$&:DVD
UHVXOW RI WKH GLVWLQFW VXSSO\ RI IUHVKZDWHU HYDSRUDWLRQSUHFLSLWDWLRQ ULYHUV0HGLWHUUDQHDQ
2XWÀRZZLWKLQ HDFK EDVLQ0RUHRYHU WKH ORQJ SDWKZD\6$&:KDV WR IROORZ D ORQJ SDWK










a drastic change in hydrographic properties especially in eastern margin where the dynamic 
EDUULHUEHWZHHQWKHWURSLFVDQGVXEWURSLFVLVVWURQJHUWKH&9)=)LJXUH[Kawase et al., 
1985]





towards the tropics [Suga and Talley, 1995]0RVWRIWKH$$,:UHDFKHVWKHVXEWURSLFVDORQJ
WKHZHVWHUQPDUJLQYLD WKH1%&[Kawase et al., 1985; Kirchner et al., 2009]+RZHYHU WKH
QRUWKZDUGSHQHWUDWLRQRI$$,:KDVDOVREHHQGHVFULEHGWRRFFXUDORQJWKH$IULFDQFRDVWOLQH
UHDFKLQJWKH&DQDU\,VODQGVZLWKDPD[LPXPÀRZLQWKHIDOOVHDVRQ[Machín et al., 2010]0:
on the other hand, is the outcome of the Mediterranean waters entering the Atlantic through the 
6WUDLWRI*LEUDOWDU7KHVHZDWHUVDUHYHU\VDOW\DQGWKHUHIRUHGHQVHEXWXQGHUJRLQWHQVHPL[LQJ
shortly after they leave the Strait [Gasser et al.,@&RQWUDU\WRWKH$$,:WKH0:LVYHU\D
VDOW\ZDWHUPDVVZLWKVDOLQLWLHVDERYHLQWKH*XOIRI&DGL]7KLVVXSSO\RIVDOWSOD\VDPDMRU
UROHLQWKHVDOLQL¿FDWLRQRIWKH1RUWK$WODQWLFDQGWKXVLQWKHIRUPDWLRQRIGHHSZDWHUPDVV
with a direct impact on the strength of the meridional overturning circulation and on the global 





1.4 The North Atlantic Oxygen Minimum Zone
7KHEHVWHYLGHQFHRIWKHSRRUYHQWLODWLRQRIWKHVKDGRZ]RQHWKHUPRFOLQHLVWKHGHYHORSPHQW
RI2[\JHQ0LQLPXP=RQHV 20=V LQ WKH HDVWHUQPDUJLQRI DOO WURSLFDO RFHDQV DW GHSWKV




WKHHYROXWLRQRIWKHR[\JHQFRQWHQWLQWKHZRUOG¶VRFHDQ[Matear and Hirst, 2003; Stramma et 
al., 2011]
2[\JHQLVDNH\FRPSRQHQWRIWKHPDULQHHFRV\VWHP$VLGHVEHLQJHVVHQWLDOIRUWKHVXVWDLQDELOLW\
RIPDULQH OLIHR[\JHQSOD\VDGLUHFW UROH LQ WKHELRJHRFKHPLFDOF\FOLQJRIFDUERQQLWURJHQ




HQFHVEHORZWKHFRQ¿GHQFHLQWHUYDODUHVKDGHGZLWKEODFNKRUL]RQWDOOLQHV>Stramma et al., 2010]
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et al., 2002; Keeling et al., 2010]$WPRVSKHULFR[\JHQGLVVROYHVRQWKHRFHDQVXUIDFHZDWHUV
GHSHQGLQJPRVWO\RQWKHLU WHPSHUDWXUH±WKHFROGHUWKHZDWHUWKHPRUHR[\JHQLVGLVVROYHG
+HQFH WKH GHR[LJHQDWLRQ RI WKH JOREDO RFHDQ KDV EHHQ GLDJQRVHG DV D OLNHO\ GLUHFW LPSDFW









during last decades [Stramma et al., 2008a]DOWKRXJKH[KLELWLQJDZHDNHUDQGSDWFKLHUSDWWHUQ
)LJXUH  [Stramma et al., 2010] +RZHYHU VLQFH WKH K\SR[LF FRQGLWLRQV RI WKH SUHVHQW
20=VR[\JHQFRQFHQWUDWLRQEHORZXPRONJ-1DUHDOUHDG\GHWULPHQWDOIRUPRVWRUJDQLVPV
[Vaquer-Sunyer and Duarte, 2008]WKHH[SDQVLRQRIWKH20=VZRXOGKDYHDFOHDULPSDFWRQ
the surrounding highly productive tropical waters [Stramma et al., 2010, 2011]
%HVLGHVWKHH[SHFWHGFKDQJHVLQWKHSK\VLFDOVXSSO\RIR[\JHQWKHFKDQJHVLQWKHELRORJLFDO
Figure 1.8. Scheme of the main cur-
UHQWV LQ WKH WURSLFDO1RUWK$WODQWLF
7KHFOLPDWRORJLFDOR[\JHQPHDQIRU
the layer between 300 m to 500 m 






[Matear and Hirst, 2003]+RZHYHUWKHVDPHVFHQDULRDOVROHDGVWRDUHGXFWLRQLQWKHR[\JHQ
consumption at subsurface layers due to the decline in primary productivity via reduced 
XSZHOOLQJHYHQFRXQWHUDFWLQJWKHHIIHFWRIWKHIRUPHUSK\VLFDOGHFUHDVHLQWKHR[\JHQVXSSO\
[Ridder and England, 2014]$GHHSXQGHUVWDQGLQJRIERWKSK\VLFDODQGELRFKHPLFDOV\VWHPV
LVUHTXLUHGWRFRUUHFWO\DVVHVVWKHIXWXUHHYROXWLRQRIWKH20=V
7KH1RUWK$WODQWLF20=QD20=LVORFDWHGHDVWRI:EHWZHHQ1DQG1RIODWLWXGH







diffuse and the ventilation is supposed to be mainly carried out by eddy and diapycnal diffusion 
Table 1.1/LQHDUWUHQGVRIWHPSHUDWXUHDQGR[\JHQZLWKFRQ¿GHQFHLQWHUYDOVVLQFHLQDPWRPOD\HUIRU
VHOHFWRFHDQDUHDVDQGLQWHJUDWHGR[\JHQORVVDVVXPLQJDQRPLQDOGHQVLW\RINJP-3>Stramma et al. 2008a]
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[Fischer et al., 2013; Hahn et al., 2014]
7KHQD20=LVWKHVPDOOHVWLQH[WHQVLRQDQGSUHVHQWVWKHKLJKHVWR[\JHQFRQWHQWRIWKHZRUOG




VKRUWHU ]RQDO H[WHQVLRQ RI WKH WURSLFDO QRUWK$WODQWLF EDVLQ DQG E\ WKH HQKDQFHG VXSSO\ RI




at 15% [Stramma et al., 2011]WKUHDWHQLQJWKHVXVWDLQDELOLW\RIWKHYDOXDEOHSHODJLF¿VKHULHV
DQGPDULQHHFRV\VWHPV
1.5 Objetives and thesis outline
The principal aim of this doctoral dissertation is to improve our understanding on the sluggish 
FLUFXODWLRQRIWKH1RUWK$WODQWLFVKDGRZ]RQHDQGKRZLWVH[WUHPHO\SRRUO\YHQWLODWHGWKHUPRFOLQH
LVUHQHZHG7RWKLVHQGWKHFRPELQDWLRQRIQRYHODQGKLVWRULFK\GURJUDSKLFGDWDWRJHWKHUZLWK
velocity observations and a numerical circulation model provides a complete description of 
WKHVKDGRZ]RQHFLUFXODWLRQ7KHPDLQFKDSWHUVRIWKLVGLVVHUWDWLRQDUHVWUXFWXUHGDVVFLHQWL¿F




The continental slope current system 
between Cape Verde and the Canary Islands
This chapter has been published as Peña-Izquierdo, J., J.L. Pelegrí, M.V. Pastor, P. Castellanos, M. 
Emelianov, M. Gasser, J. Salvador, and E. Vazquez-Dominguez (2012), The continental slope current 




We use hydrographic, velocity and drifter data from a cruise carried out in November 2008, 
to describe the continental slope current system in the upper thermocline (down to 600 m) 
between Cape Verde and the Canary Islands. The major feature in the region is the Cape Verde 
Frontal Zone (CVFZ), separating waters from tropical (southern) and subtropical (northern) 
origin. The CVFZ is found to intersect the slope north of Cape Blanc, between 22 and 23ºN, but 
ZH¿QGWKDWVRXWKHUQZDWHUVDUHSUHGRPLQDQWRYHUWKHVORSHDVIDUQRUWKDV16RXWKRI&DSH
Blanc (21.25ºN) the Poleward Undercurrent (PUC) is a prominent northward jet (50 km wide), 
reaching down to 300 m and indistinguishable from the surface Mauritanian Current. North 
of Cape Blanc the upwelling front is found far offshore which opens a near-slope northward 
path to the PUC; nevertheless, the northward PUC transport decreases from 2.8 Sv at 18ºN to 
6YDW16RXWKRIWKH&9)=WKHUHLVDQDEUXSWWKHUPRKDOLQHWUDQVLWLRQDWıș =26.85 kg 
m-3, which points at the lower limit of the relatively pure (low salt and high oxygen content) 
South Atlantic Central Water (SACW) variety that coexists with the dominant locally-diluted 
(salinity increased through mixing with NACW but oxygen diminishes because of enhanced 
remineralization) Cape Verde (SACWcv) variety; at 16ºN about 70% of the PUC transport 
corresponds to the SACW variety but over 1 Sv recirculate offshore just south of Cape Blanc, 
in agreement with the trajectory of subsurface drifters. However, between Cape Verde and Cape 
Blanc and in the 26.85< ıș <27.1 layer, we measure up to 0.8 Sv of SACWcv being transported 
south. The results strongly endorse the idea that the slope current system plays a remarkable 
role in tropical-subtropical water mass exchange.
The continental slope current system
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2.1 Introduction
The principal physical oceanographic importance of continental slopes is due to the fact that 
PDQ\PDMRURFHDQFXUUHQWVNQRZQDVERXQGDU\FXUUHQWVÀRZRYHUWKHP7KHFRQWLQHQWDOVORSHV
underlie a relatively minor fraction of the world’s oceans but yet they are the actual boundaries 
of the permanent upper-thermocline waters. The East and West slopes of all continents break 
WKHGRPLQDQW]RQDOFLUFXODWLRQLQWKLVXSSHURFHDQIRUFLQJWKHÀRZWRUHFLUFXODWHPHULGLRQDOO\
often along isobaths as relatively narrow jets.
The upper thermocline along the continental slope off NW Africa is particularly complex as it 
runs from subtropical to tropical regions. It spans the top 600 m of the water column, occupied 
by waters formed in central regions of subtropical gyres, or central waters. The major water 
contrast takes place at the Cape Verde Frontal Zone (CVFZ) which approximately stretches 
from the Cape Verde Islands to about Cape Blanc [Kawase et al., 1985; Zenk et al., 1991; 
Pastor et al., 2012]. North of the CVFZ there is a dominance of North Atlantic Central Water 
(NACW), of northern subtropical origin; south of the front the waters have a much farther origin, 
RULJLQDOO\FRPLQJIURPWKHVXEWURSLFDO6RXWK$WODQWLFEXWEHFRPLQJODUJHO\PRGL¿HGDIWHUD
long journey in the tropical regions (Fig. 2.1a). [Pastor et al., 2012] have recently emphasized 
that the top 300 m south of the CVFZ have characteristics close to equatorial waters, therefore 
being even more distinct from NACW.
7KH1$&:ÀRZV VRXWKZDUGV DV WKH&DQDU\&XUUHQW && XQWLO UHDFKLQJ WKH&9)=ZKHUH
it departs offshore as the North Equatorial Current (NEC). South of the CVFZ the upper 
thermocline is meteorologically driven by seasonal changes in the Intertropical Convergence 
Zone (ITCZ). The cyclonic winds cause positive Ekman pumping which drives offshore 
upwelling, the outcome being the Guinea Dome (GD) and the associated cyclonic circulation 
[Siedler et al., 1992]. In idealized classical thermocline theories the region south of the CVFZ 
has been named shadow zone [Luyten et al., 1983; Kawase et al., 1985], as sudbucting waters 
in the subtropical gyre cannot reach this region; the CVFZ, therefore, has been thought to be an 
HIIHFWLYHEDUULHUWRWKHODUJHVFDOHÀRZEHWZHHQ1$&:DQGVRXWKHUQZDWHUVDOWKRXJKVHYHUDO
studies have shown the presence of substantial interleaving and intermittent eddy mixing 
Chapter II
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[Barton, 1987; Zenk et al., 1991]. 
During summer the ITZC moves north and the wind regime follows it. Two transatlantic 
HDVWZDUG]RQDO MHWV WKH1RUWK(TXDWRULDO8QGHUFXUUHQW 1(8&DWDERXW1DQG WKH1RUWK
Equatorial Counter Current (NECC) approximately along 8ºN, intensify and feed the southern 
portion of a relatively large summer GD [Siedler et al., 1992; Lázaro et al., 2005; Stramma 
et al., 2005]. During winter the ITZC moves south and the NECC weakens [Stramma and 
Schott, 1999; Lankhorst et al., 2009]. South of the CVFZ, the cyclonic winds remain intense 
but move southeast, its centre being located near-shore [Nykjaer and Camp, @. Since the 
*' LV IRUFHG E\ WKHZLQG ¿HOG LW IROORZV WKH VHDVRQDO ,7&= GLVSODFHPHQWV KHQFHPRYLQJ
southeast from summer to winter [Nykjaer and Camp,@. As a result the northward along-
VORSHÀRZEHWZHHQ&DSH9HUGHDQG&DSH%ODQFVRPHWLPHVQDPHGWKH0DXULWDQLD&XUUHQW
(MC) [Mittelstaedt, 1991; Lázaro et al., 2005]LQWHQVL¿HVLQVXPPHUDQGZHDNHQVLQZLQWHU
Figure 2.1. Left panel: Schematic pattern of the circulation showing the main currents and dynamic features: Canary Current 
(CC), North Equatorial Current (NEC), North Equatorial Counter Current (NECC), North Equatorial Under Current (NEUC), 
Poleward Undercurrent (PUC), Mauritania Current (MC), Guinea Undercurrent (GUC), Guinea Dome (GD) and Cape Verde 
Frontal Zone (CVFZ). Right panel: Map of the study area showing the hydrographic stations and the cross and along slope 
VHFWLRQVXVHGLQWKLVZRUN&RQWRXUVRIDQGPLVREDWKVDUHJUH\FRORXUHG7KHQHDUVKRUHDQGFHQWUDO
meridional sections approximately follow the 1000 and 2000 m isobaths
The continental slope current system
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[Mittelstaedt, 1991]. 
Over the continental African slope there is yet another frontal system, the wind-induced coastal 
upwelling system. This is a relatively shallow system which occupies the depth of direct wind 
LQÀXHQFHW\SLFDOO\QRPRUHWKDQRUPGHSWK7KHUHJLRQEHWZHHQ&DSH%ODQFDQGWKH
Canary Islands, dominated by NACW, is characterized by year-long intense upwelling [Van 
Camp et al., 1991] and the associated near-slope southward Canary Upwelling Current (CUC) 
[Pelegrí et al., 2005, 2006; Mason et al., 2011]. South of the CVFZ, upwelling is present 
only in winter, when the ITCZ migrates south. The essential elements of the upwelling system 
are (i) westward (offshore) Ekman transport of the surface mixed-layer waters, (ii) subsurface 
FRPSHQVDWLQJHDVWZDUGRQVKRUHÀRZZKLFKXSZHOOVRYHUWKHVORSHGXHWRWKHFRDVWDOFRQVWUDLQW
DQGLLLVRXWKZDUGDORQJVORSHEDURFOLQLFÀRZOLQNHGWRWKHIURQWDOV\VWHP7KHVRXWKZDUG
winds are also responsible for (iv) building a large-scale pressure gradient which induces an 
along-slope subsurface current, known as the poleward undercurrent (PUC) [Barton, 1989]. In 
winter the southward winds intensify the PUC south of Cape Verde, effectively becoming the 
winter counterpart of the near-surface MC.
Along-slope poleward undercurrents are ubiquitous features in all major eastern boundary 
current system. The Northeastern Atlantic PUC was studied mostly during the 70’s and 80’s 
when an intense international research effort took place to understand the NW Africa upwelling 
system (for a review see Machín et al. [2006]). The PUC is normally observed as a narrow jet 
(about 50 km wide) leaning on the continental slope and centered between 100 and 300 m; the 
SROHZDUGÀRZLVVRPHWLPHVREVHUYHGWRH[WHQGPXFKGHHSHUWRLQWHUPHGLDWHZDWHUV[Barton, 
1989; Machín et al., 2006; Machín and Pelegrí, 2009]. The PUC appears as a natural extension 
of the westward Guinea Undercurrent (GUC) and the summer MC, but it also incorporates 
water recirculating around the GD. The PUC has been traditionally linked to the advection of 
pure SACW, even beyond Cape Blanc where it encounters the CC and is usually found deeper, 
centred at some 500 m depth [Mittelstaedt, 1983, 1991; Hagen, 2000].
In this study we aim at providing a detailed description of the complex system of currents 
over the continental slope in the eastern margin of the North Atlantic Ocean, from Cape Verde 
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to the Canary Islands (about 16 to 27ºN). We will do so through a set of measurements taken 
during November 2008, with eight high-resolution cross-slope transects and several along-
VORSHVHFWLRQV)LUVWZHSUHVHQWWKHFROOHFWHGGDWDVHWDQGWKHVHDVXUIDFHZLQG¿HOGVGXULQJ
the cruise. This is followed by a brief review of a recent water-mass composition analysis 
carried out by Pastor et al. [2012], to be used in this work. The subsequent sections are the 
KHDUWRIWKLVSDSHUZKHUHZHH[SORUHWKHYHORFLW\¿HOGDQGWKHGLVWULEXWLRQRIZDWHUSURSHUWLHV
over the continental slope. The purpose is to draw a picture of the circulation patterns over the 
continental slope and their role on the propagation of water masses of southern and northern 
origin.
2.2 Data and methods
2.2.1 Data set
The CANOA08 cruise was carried out in November 2008 onboard R/V Sarmiento de Gamboa. 
A total of 55 stations were occupied along the NW Africa coast from Cape Verde to the Canary 
,VODQGV )LJ E ([FHSW IRU WKH ¿UVW QLQH QRUWKHDVWHUQPRVW VWDWLRQV ZKLFK ZHUH GRQH
between 9 and 12th November, all stations were carried out between 20 and 29th November with 
the vessel travelling from South to North. A total of eight cross-slope sections were completed, 
W\SLFDOO\ZLWK¿YHVWDWLRQVHDFKVHSDUDWHGE\DERXWRIODWLWXGHDQDGGLWLRQDOVWDWLRQZDV
taken between sections approximately over the 2000 m isobath. The resolution in the cross-
slope direction increased from 30 km offshore to 5 km near-shore while the resolution in the 
along-slope direction was about 60 km over the 2000 m isobath; two additional along-slope 
sections, with half this resolution, may be constructed offshore and over the 1000 m isobath 
DVIDUQRUWKDV1DVVKRZQLQ)LJXUH$GGLWLRQDOO\WRWKHK\GURJUDSKLFPHDVXUHPHQWV
several subsurface buoys, dragged at 100 m depth, were launched.
The stations were sampled using SeaBird 911plus Conductivity-Temperature-Depth (CTD) 
VHQVRUVDQGD6%(GLVVROYHGR[\JHQ 22) sensor. The CTD-O2 probe was mounted on a 
1LVNLQERWWOHVURVHWWHWKDWFROOHFWHGZDWHUVDPSOHVDWVWDQGDUGGHSWKV7KHVHZDWHUVZHUH
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analysed for dissolved oxygen onboard and samples were frozen for a posterior analysis of 
inorganic nutrients. Oxygen from the bottle samples was determined by the Winkler titration 
method. The relation between the oxygen determined by the electrode in the CTD and the 
:LQNOHUPHWKRGZDVVLJQLI¿FDQWU2>0.96, p<0.01, n>12), and the average difference between 
the oxygen from the CTD and the Winkler method was -0.63 ml l-1. 




at 75 kHz. The ADCP was initially calibrated over the continental shelf through bottom tracking 
Figure 2.27RSSDQHOV:HHNO\DYHUDJHGZLQGVWUHVV¿HOGV>1P@IRUWKUHHFRQVHFXWLYHZHHNVVWDUWLQJRQDQGWK
November 2008. Bottom left panel: Temporal series of the surface wind stress vector at three different latitudes over the slope 
(asterisks in top panels). The shaded area, the top brackets and the tick mark respectively indicate the duration of the cruise, the 
DYHUDJHLQWHUYDOVIRUWKHZLQGVWUHVV¿HOGDQGWKHGD\RIWKH667LPDJHVRXUFH4XLN6&$7%RWWRPULJKWSDQHO667>&@RQ
23th November 2008, as obtained from OSTIA.
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so that the alignment angle and scale factor were determined; later, from the comparison of 
consecutive repeated sections in a region of high horizontal shear, a meridional velocity offset 
of 0.02 m s-1ZDVGHWHFWHGDQGWKHYHORFLW\¿HOGZDVFRUUHFWHG$/RZHUHG$'&3/$'&3
system, consisting of two RDI 300 kHz Workhorse Monitor used in synchronized master-slave 








wind was quite intense north of Cape Blanc; during the second and third weeks it respectively 
ZHDNHQHGDQGLQWHQVL¿HGQRUWKDQGVRXWKRI&DSH%ODQF)RUWKHWLPHSHULRGRIWKHFUXLVHWKH
6HD6XUIDFH7HPSHUDWXUH667¿HOGZDVDYDLODEOHRQQHDUUHDOWLPHWKURXJKWKH2SHUDWLRQDO
SST and Sea Ice Analysis (OSTIA) product 3 [Stark et al., 2007].
2.2.2 Optimum Multi-Parameter analysis
$Q2SWLPXP0XOWL3DUDPHWHU 203PHWKRG DLPV DW ¿QGLQJ WKH FRQWULEXWLRQ RI GLIIHUHQW
SUHGH¿QHGVRXUFHZDWHUW\SHVLQDZDWHUVDPSOH7KHVHFRQWULEXWLRQVDUHGHWHUPLQHGDVDOLQHDU
mixing combination in a multi-parameter space [Mackas et al., 1987; Tomczak and Large, 1989]. 
Each parameter is given a different weight according to its accuracy and natural variability. In 
this study we follow the application of the OMP for the NW Africa region as presented in Pastor 
et al., [2012] and explained in the appendix. Five independent variables (potential temperature, 
salinity, oxygen, phosphate and silicate) are combined with mass conservation, and a total of
VL[ZDWHU W\SHVDUHVSHFL¿HG7KHDQDO\VLV LVDSSOLHG WRGDWD LQ WKHGHQVLW\ UDQJH ıș 
VSHFL¿FDOO\H[FOXGLQJQHDUVXUIDFHGDWDGRZQWRDERXWRUPLQRUGHUWRDYRLG
atmospheric and biogeochemical processes (hereafter we use sigma-theta or potential density 
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anomaly, equal to potential density less 1000, in units of kg m-3).
One relevant contribution of Pastor et al., [2012] has been the distinction of two different 
varieties of southern waters, predominantly found in the region south of CVFZ. While the 
UHJLRQDOFHQWUDOZDWHUPDVVRIVRXWKHUQRULJLQZDVGH¿QHGE\Tomczak, [1981], a fresher and 
colder variety, therefore with purer South Atlantic characteristics, may also be detected from 
historical observations in the southeastern North Atlantic [Voituriez and Chuchla, 1978]. The 
distinction between the two varieties allows us to discern the different contribution of both water 
masses on the slope undercurrent. Therefore, hereafter we refer to the regional variety as Cape 
9HUGH6RXWK$WODQWLF&HQWUDO:DWHU6$&:FYGH¿QHGLQWKH203DQDO\VLVE\WKHFRQWULEXWLRQ
of two water types (upper and lower Cape Verde South Atlantic Central Water, SACWcv-u and 
SACWcv-l respectively); in contrast, the purer variety is simply named South Atlantic Central 
Water (SACW), being solely represented by one point in the multi-parameter space (one water 
type) due to its shallowness, as we discuss in next sections. The contribution of North Atlantic 
Central Water (NACW) is assessed again through the combination of two points, the upper 
and lower North Atlantic Central Water (NACWu, NACWl). Figure 2.3a shows the location 
of these northern and southern central waters in a temperature-salinity diagram. Additionally, 
the presence of Antarctic Intermediate Water (AAIW) was also introduced in the analysis to 
properly describe the water masses distribution at the bottom of the thermocline, however we 
will not use it in this work.
2.3 Results
2.3.1 Penetration of SACW characteristics
In this section we examine the latitudinal dependence of mean water properties with the 
help of scattered plots, where the spatial variability is smoothed out through a reduced Data 
Interpolating Variational Analysis (DIVA, http://modb.oce.ulg.ac.be/viewsvn/) technique (Figs. 
2.3b, c). These plots do not aim at examining the detailed distribution of water properties but 




and southern central waters (Fig. 2.3a). At the southernmost part of the region, for ıș <26.85, 
we may distinguish the presence of the fresher and more oxygenated SACW, the further south 
WKHPRUHR[\JHQZH¿QGDWWKHVHXSSHUOHYHOV,QFRQWUDVWRQWKHQRUWKHUQHQGZH¿QGRQO\
NACW; on a same isopycnal surface, NACW is a much saltier, colder and oxygen richer 
water mass than the southern water masses. However, the most common water in the shadow 
zone is the regional SACWcv variety, substantially saltier than SACW. Further, the SACWcv 
presents the minimum oxygen concentrations of the three central water masses (Fig. 2.3b). 
This suggests that the SACWcv water mass represents an old SACW variety that has lost most 
of its oxygen content while also mixing slowly with the nearby salty NACW. The SACW 
variety thus represents a relatively young water mass that renovates the upper layers of the 
shadow zone through direct advection of the tropical eastward zonal jets, the NEUC and NECC 
[Elmoussaoui et al., 2005].
Another prominent characteristic is the vertical salinity minimum observed at ıș =26.8 kg m-3, 
an abrupt salinity, and even temperature, inversion at depth. This salinity minimum matches 
Figure 2.3. Left panel. Potential temperature - salinity diagram as obtained using the whole data set. Void diamonds indicates 
the water types used in the OMP analysis of Pastor et al.  (2011). Central and right panels: Smoothed scatter plots, again ob-
tained using the whole data set, of dissolved oxygen and meridional velocity (in [m s-1], positive northwards) as a function of 
potential density. In all plots the latitude [ºN] is colour-coded according to the right-hand-side colour bar.
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ZLWKWKHSRLQWRI6$&:GH¿QLWLRQDQGLWLVDOVRIRXQGMXVWDOLWWOHGHHSHUWKDQWKHVXEVXUIDFH
oxygen maximum (Fig. 2.3). These features may be detected in salinity distributions presented 
by several authors for the region south of the CVFZ [Tomczak, 1972; Fraga F.,Hughes 
and Barton, @EXW\HWIHZVWXGLHVKDYHH[SORUHGLWVVLJQL¿FDQFH[Voituriez and Chuchla, 
1978]HDUO\SURSRVHGWKDWWKLVVDOLQLW\PLQLPXPUHSUHVHQWVDERXQGDU\EHWZHHQQRUWKZDUGÀRZ
RI6$&:LQXSSHUOD\HUVDQGDVRXWKZDUGÀRZRI1$&:GHHSHU0RUHUHFHQWO\Elmoussaoui 
et al., [2005] have used a high-resolution model to highlight the existence of a thermohaline 
transition (smoothed in their numerical solution) at ıș=26.8 kg m-3. The numerical output 
suggests that the NEUC and NECC merge southwest of the GD from where they reach towards 
the African slope and recirculate north towards the CVFZ. However, these relatively shallow 
jets may only ventilate the shadow zone down to some 300 m, i.e. the lower portion of the upper 
thermocline is not renewed so that its waters have long residence time which leads to high 
remineralization rates and low oxygen concentrations [Stramma et al., 2005, 2008; Karstensen 
et al., 2008]. 
A scattered plot of the meridional velocity interpolated as a function of density illustrates the 
predominant propagating directions of southern and northern waters (Fig. 2.3c); the interpolation 
VPRRWKHVRXW WKHYHORFLW\¿HOGV VR WKDWGHVSLWH WKHH[LVWHQFHRIKLJKVSDWLDOYDULDELOLW\ZH
PD\LGHQWLI\PHDQÀRZSDWWHUQV7KHPHULGLRQDOYHORFLW\FRPSRQHQWSUHVHQWVDVLPLODUGHSWK
transition, in agreement with Voituriez and Chuchla [1978]. All the way until 22.5ºN, those 
layers with ıș <26.85 kg m-3 move predominantly northwards, with speeds up to 0.3 m s-1, 
FDUU\LQJR[\JHQZLWK6$&:FKDUDFWHULVWLFV7KLVQRUWKZDUGÀRZUHDFKHVVLJQL¿FDQWO\QRUWK
of Cape Blanc, i.e. past the traditional interjection of the CVFZ with the continental slope. 
$W1 WKHÀRZLVDSSUR[LPDWHO\QXOODQG IXUWKHUQRUWK LWDSSHDUV WR UHYHUVHEXWREVFXUHG
because of the mesoscalar variability south of the Canary Islands. Contrarily, at latitudes less 
than Cape Blanc the deeper layers (26.85< ıș<27.1) predominantly move southwards, carrying 
SACWcv characteristics. North of Cape Blanc, these deep layers do not display a predominant 
propagation pattern. Hence, near the CVFZ there is substantial convergence on layers shallower 
than ıș =26.85 kg m-3 and weak divergence below.
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According to the above observations, and following Elmoussaoui et al., [2005], we may 
distinguish between Surface Waters (SW; ıș  GRZQ WR DERXW P XSSHU &HQWUDO
:DWHUV X&: ıș <26.85, between some 100 and 300 m) and lower Central Waters 
(lCW; 26.85< ıș <27.1, between about 300 and 500 m). We set the interface between uCW and 
lCW slightly deeper than in [Elmoussaoui et al., 2005], i.e. ıș =26.85 rather than 26.8, in order 
to better match the observed abrupt vertical transition in southern water characteristics and to 
include the full low-salinity SACW signal within the uCW. 
2.3.2 Cross-slope sections
Despite the general smoothed picture arising from Figure 2.3c, the slope current system 
does present high spatial variability. In order to appreciate this variability and to identify the 
propagating paths we examine the distributions of salinity, oxygen, meridional velocity and 
water-mass composition in eight cross-slope sections at nominal latitudes of 16.25, 17.5 18.75, 
DQG1)LJVDQG
Trade winds were present during the whole cruise, leading to intense upwelling off NW Africa 
region as illustrated by the SST image in Figure 2.2. South of Cape Blanc upwelling is the result 
of the predominant local winds, but yet the uCW and SW layers display a remarkable northward 
DORQJVORSHÀRZZKLFKPD\EHLQWHUSUHWHGDVDODWHH[SUHVVLRQRIWKHVXPPHU0&RQWRSRIWKH
PUC. North of Cape Blanc upwelling is very intense and located far offshore, probably arising 
from the build up of wind impulses during the summer-long upwelling season [Csanady, 1977]. 
The combination of both features should allow the propagation of the PUC, manifested as a 
QRUWKZDUGÀRZZLWKLQ6:DQGX&:OD\HUVZHOOEH\RQG&DSH%ODQF)LJXUHLQGHHGVKRZV
DZHOOGH¿QHGQRUWKZDUGÀRZDWWDFKHGWRWKHFRQWLQHQWDOVORSHZLWKPD[LPXPYDOXHVLQDOO
sections above 0.2 m s-1, extending from the surface down to 300 m in the southern sections and 
VKRDOLQJWRZDUGVWKHQRUWK,QWKLV¿JXUHLWLVGLI¿FXOWWRGLVWLQJXLVKWKHQHDUVXUIDFH0&IURP
WKHVXEVXUIDFH38&WKHUHIRUHRXUPHDVXUHPHQWVUHÀHFWWKHODWHVXPPHUDQGDXWXPQFRQGLWLRQV
south of Cape Blanc, when the MC is strengthened [Mittelstaedt, 1991] and northward transport 
is maximum [Elmoussaoui et al., 2005]. 
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7KH6:OD\HULVKLJKO\LQÀXHQFHGE\WKHXSZHOOLQJV\VWHP:LWKLQWKLVOD\HUWKHFRQWRXUVRIDOO
properties uplift towards the slope, except for the presence of relatively low oxygen content as 
a sign of high productivity (Fig. 2.5). A marked change in properties is observed just north of 
&DSH%ODQF)LJIGHQRWLQJWKHORFDWLRQRIWKH&9)=7KHVXUIDFHÀRZKDVDSUHGRPLQDQW
QRUWKZDUGGLUHFWLRQLQDOOFURVVVORSHVHFWLRQV)LJW\SLFDOO\ZLGHUWKDQDERXWNPLQ
the southern sections this could be interpreted as the MC while beyond Cape Blanc it would 
be the surface manifestation of the PUC. North of Cape Blanc, the offshore extreme of these 
NPZLGHVHFWLRQVÀRZVVRXWK )LJ OLNHO\ UHODWHGZLWK WKH IDURIIVKRUH ORFDWLRQRI
the coastal upwelling jet during the intense upwelling season (Fig. 2.3). At 26.5ºN, south of 
WKH&DQDU\,VODQGVWKHÀRZLVGRPLQDWHGE\LQWHQVHPHVRVFDODUDFWLYLW\7KHQHDUVORSHKLJK
VDOLQLW\DQGR[\JHQYDOXHVDW1QRUWKRI&DSH%ODQFVXJJHVWWKDWWKHÀRZGLUHFWLRQDWWKH
CVFZ is intermittent, being northward during the cruise but having possibly changed direction 
at previous times. It is therefore possible that the 22.5ºN latitude corresponds to a mean northern 
limit of the MC, in agreement with the results of Lázaro et al., [2005].
The uCW layer is characterized by the presence of the PUC in all sections except 26.5ºN 
)LJ,QWKLVOD\HUDQGVRXWKRIWKH&9)=WKHVORSHFXUUHQWDSSHDUVDVDQRUWKZDUGMHW
with a width of several tens of kilometres, which reaches down to over 200 m and is hardly 
distinguishable from a slightly wider surface MC. South of about 20ºN the uCW layer appears 
as an oxygen maximum stratum, with values as large as 2.12 ml l-1 (Fig. 2.5). This relative 
high content of oxygen is related to the predominance of SACW which is present only in this 
layer. The presence of SACW is progressively reduced as we move north along the slope, with 
GHFUHDVLQJR[\JHQFRQWHQW0L[LQJZLWKVDOW\1$&:LVUHVSRQVLEOHIRUWKHVLJQL¿FDQWVDOLQLW\
increase near Cape Blanc but, despite NACW is higher in oxygen than SACWcv, the near-slope 
R[\JHQFRQWHQW LVQRWDEO\ UHGXFHG1HDU WKH&DSH%ODQF¿ODPHQW WKHQHDUVORSH VXEVXUIDFH
R[\JHQOHYHOLVIXUWKHUH[KDXVWHGZLWKYDOXHVDVORZDVPOO-1 (Fig. 2.5e), and the offshore 
waters appear slightly more oxygenated. This suggests that the CVFZ prevents some of the 
VRXWKHUQZDWHUVWRÀRZQRUWKRI&DSH%ODQFWKLVEHFRPLQJDQDUHDZKHUH6$&:FYLVIRUPHG
through mixing of SACW with NACW and enhanced oxygen consumption of SACW (because 
of remineralization taking place under the highly productive upwelled waters). Despite the 





The northeastward extension of the NEUC slowly advects SACW to the northern part of the GD 
during summer, but only a fraction of this relatively pure SACW is eventually incorporated by 
the relatively shallow PUC (which occupies the uCW). The core of SACW is located seawards 
Figure 2.4. Distribution of water properties on eight different cross-shore sections (Fig. 2.1). The meridional velocity (in [m 
V@LVFRORXUFRGHGDFFRUGLQJWRWKHULJKWKDQGVLGHFRORXUEDUZLWKSRVLWLYHYDOXHVGHQRWLQJQRUWKZDUGÀRZFRQWRXUVDUH
drawn every 0.1 m s-1 intervals. The black lines show either the fraction of SACW south of Cape Blanc (top panels) or the 
fraction of SACWcv north of Cape Blanc (bottom panels); in the upper panels the remaining water mass contribution is only 
6$&:FYZKLOHLQWKHORZHUSDQHOVLWLV1$&:7KUHHVHOHFWHGLVRS\FQDOVDQGNJP-3) are drawn in yellow. 
The map insets indicate the location of the corresponding section.
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from the PUC core, in agreement with observations by Hughes and Barton >@, in some 
FURVVVORSH VHFWLRQVFRLQFLGLQJZLWK WKHSUHVHQFHRIDZHDNVRXWKZDUGÀRZ)LJVDE
7KHUHIRUHLWDSSHDUVWKDWPRVWRIWKH6$&:LQÀRZPD\UHFLUFXODWHPHULGLRQDOO\EHWZHHQWKH
continent and the Cape verde Islands and that the PUC is not always directly fed by SACW, 
hence validating Elmoussaoui et al., [2005] numerical results. In most sections the dominant 
ZDWHUPDVVDGYHFWHGE\WKH38&LVWKHUHFLUFXODWLQJ6$&:FY)LJVDQGDOWKRXJKLW
has an important SACW contribution that arises from the extension of the tropical zonal jets 
Figure 2.5. Distributions of oxygen content ([ml l-1], coloured) and salinity (black contours) on eight cross-shore sections. 
7KUHHVHOHFWHGLVRS\FQDOVDQGNJP-3) are shown as dashed white lines. The map insets indicate the location 
of the corresponding section.
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and, possibly, also from the low-latitude along-slope Guinea Undercurrent [Mittelstaedt, 1991]. 
North of Cape Blanc the southern central waters, already fully transformed into SACWcv, 
penetrate northwards through the along-slope PUC [Fraga F.,Hughes and Barton,
Hagen, 2000]7KHVDOLQLW\GLVWULEXWLRQVIRUWKHFURVVVKRUHVHFWLRQVEHWZHHQDQG1
show that this intrusion occupies a 50-100 km wide near-slope meridional band. Such a PUC 
penetration is likely favoured by the high intensity of upwelling during the previous weeks or 
months (Fig. 2.3), so that the distant offshore position of the upwelling front is coupled to the 
propagation of relatively fresh and cold SACWcv (Figs. 2.5e, f, g).
The lCW and uCW layers display quite opposite distributions south of Cape Blanc. In the 
lower layer the oxygen content reaches minimum values in the southern sections (1.27 ml l-1, 
Fig. 2.5), similar to those found in the GD oxygen minimum zone [Stramma et al., 2005], and 
LQFUHDVHVWRZDUGVWKHQRUWKXQGHUWKHLQÀXHQFHRI1$&:1RUWKRI&DSH%ODQFWKHPLQLPXP
oxygen values are found near the slope, indicative of the presence of SACWcv (Figs. 2.5 and 
F J+RZHYHU D GLYHUJHQWÀRZ LV REVHUYHG DORQJ WKH FRQWLQHQWDO VORSHZLWKPRGHUDWH
(maximum 0.15 m s-1VRXWKZDUGÀRZDWODWLWXGHVOHVVWKDQ1DQGWKHSUHVHQFHRIVXEVWDQWLDO
YDULDELOLW\IXUWKHUQRUWK7KHH[LVWHQFHRIVRXWKZDUGÀRZLVFRXQWHULQWXLWLYHZLWKWKHSUHVHQFH
RIZDWHUVRIVRXWKHUQRULJLQ6$&:FYDQGUDLVHVWKHSRVVLELOLW\WKDWWKHGLUHFWLRQRIWKHÀRZ
may seasonally reverse, we will come back to this issue in next section. 
2.3.3 Along-slope sections
The high cross-shore variability in the distribution of water properties is accompanied by 
substantial along-slope coherence (Fig. 2.6). This coherence is the result of the system of 
meridional along-slope currents, although it breaks at the PUC-CC convergence region north 
of Cape Blanc, as well as off Cape Bojador because of intense mesoscalar activity [Rodríguez-
Marroyo et al., 2011]. The minimum oxygen distribution depicts a vertically-tilted CVFZ 
which separates northern from southern central waters, with the transformation of SACW into 
SACWcv near the slope and interleaving of SACWcv and NACW further offshore (Fig. 2.6).
7KHYHORFLW\¿HOGDORQJWKH$IULFDQVORSHVKRZVWKDW6:DQGX&:FRPSRVHGE\WKHVXUIDFH
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1)LJH IJ7KLV VXJJHVWV WKDWDQHQKDQFHGDQGGHHS38&FRXOGKDYHGHYHORSHG
EHIRUH RXU REVHUYDWLRQV UHVHPEOLQJ WKH FKDUDFWHULVWLF ZLQWHU ÀRZ FRQGLWLRQV SURSRVHG E\
Mittelstaedt [1991].
7KH SUHVHQFH RI O&: DUHDVZLWK1$&: LQÀXHQFH VRXWK RI&DSH%ODQFPD\ EH UHODWHG WR
meanders detaching from the CVFZ but its ubiquity along the slope suggests that they are 
FDXVHGE\ WKHGHHSÀRZUHYHUVDOV LQ LQVWDQFHVVXFKDVSURSRVHGE\Voituriez and Chuchla, 
Figure 2.6. Left panels: distributions of oxygen content ([ml l-1], colour-coded according to the right-hand-side colour bar) 
and meridional velocity ([m s-1], black lines, positive northward). Right panels: contribution of three different water masses 
along the same sections; SACW (blue colours following the right-hand-side colour bar), SACWcv (red contours) and NACW 
EOXHFRQWRXUV7KUHHVHOHFWHGLVRS\FQDOVDQGNJP-3) are indicated with white (grey) dotted lines in the left 
(right) panel. The top, central and bottom panels respectively correspond to the along-slope sections located offshore and over 




Cape Blanc, would help explain our observations of NACW in this region, as well as related 
observation of slong-slope high-salinity waters in Elmoussaoui et al., [2005] simulations. Such 
DÀRZKRZHYHULVQRWHQGRUVHGE\RXUREVHUYDWLRQVWKHUHIRUHLWZRXOGKDYHDQLQWHUPLWWHQW
probably seasonal, character.
The abrupt vertical transition between the uCW, dominated by the low-salinity SACW, and the 
underlying lCW, consisting almost exclusively of SACWcv, is located at about 300 m depth. 
This is also the depth reached by the summer-autumn PUC and by the eastward tropical jets 
(recall the NECC only develops in summer-autumn), therefore suggesting that the enhanced 
ventilation of the uCW is related to the seasonal atmospheric forcing and the consequent regional 
Figure 2.7. Top panels: Latitudinal change in meridional mass transport (positive northward [Sv]) for three different layers. 
The transports are calculated through the eight cross-shore sections, with the accumulated transports (increasing seawards from 
the shelf break) represented by curves of increased darkness. Bottom panels: Average SACW, SACWcv and NACW fractions 
in each cross-shore section interpolated every 10 km; the increased darkness again represents the increasing seaward distance 
from the shelf break. Notice that no OMP solution is available for SW, also note the different vertical scale for the left panel.
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circulation pattern. The location of the high SACW core, slightly offshore from the PUC (Figs. 
DEVXJJHVWVWKDWWKHFRQQHFWLRQEHWZHHQWKH]RQDOWURSLFDOMHWVDQGWKH38&PD\QRWEH
direct, taking place through some recirculation loops. During winter the PUC deepens and the 
connection with the zonal jets probably weakens; at this time the PUC would transport both 
regional southern water varieties.
7KHPHULGLRQDOPDVVÀX[HVLQWHJUDWHGWKURXJKWKHFURVVVKRUHVHFWLRQVDUHVKRZQLQ)LJXUH
2.7. The SW follow north through all sections, reaching up to 1.8 Sv south of the CVFZ (Fig. 
2.7a). The uCW also move north through all sections, as a narrow jet along the continental 
VORSHH[FHSWDWWKHQRUWKHUQPRVWVHFWLRQZKHUHWKHÀRZLVFRQWUROOHGE\PHVRVFDOHYDULDELOLW\
Figure 2.8. Bottom panel: Distribution of zonal velocity on the 2000-m isobath along-slope section (Fig. 1) (in [m s-1], con-
WRXUVDUHGUDZQHYHU\PVSRVLWLYHYDOXHVGHQRWHHDVWZDUGÀRZZHVWZDUGYHORFLWLHVDUHVKDGHGLQJUH\7KHJUH\
WKLFNOLQHVVKRZWKHWKUHHVHOHFWHGLVRS\FQDOVDQGNJP-3). Top panel: Corresponding zonal transports per 
water stratum as calculated between each pair of stations located along the 2000-m isobath section; SW (dotted line), uCW 
(solid black line), lCW (dashed black line) and the total (gray line); positive values denote eastward transport.
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(Fig. 2.7b). In the southernmost section this jet transports 1 Sv with a 70% average contribution 
of SACW (30% of SACWcv). This transport, and the pure SACW contribution, decreases 
steadily northwards, turning into the SACWcv variety as it approaches the CVFZ (Fig. 2.7d). 
The maximum presence of this oxygen-poor variety is reached near Cape Blanc (80% in 




In the lCW the integrated along-slope mass transport is rather variable. South of Cape Blanc, 
there is a southward transport of SACWcv, its contribution reaching more than 90% and up to 
a maximum of 0.8 Sv (Figs. 2.7c, e); this water must come from the interior as near-zero along-
slope transport takes place at the frontal zone. It is north of Cape Blanc (beyond 22ºN) where 
NACW becomes the dominating water mass, particularly in the offshore stations where there is 
RQO\DZHDNQRUWKZDUGÀRZ)LJVDHDQGFHWKHVLWXDWLRQLVGLIIHUHQWLQWKHQHDUVKRUH
VWDWLRQVZKHUHVXEVWDQWLDO6$&:FYLVIRXQGGHVSLWHWKHSUHGRPLQDQFHRIDVRXWKZDUGÀRZ
(Figs. 2.6c, g and 2.7c, e). This reinforces the idea of seasonal reversals in the deep along-
slope current, as found in numerical simulations by Elmoussaoui et al., [2005] and reported by 
Machín et al., [2010] for the underlying intermediate waters.
:LWKLQ DQ XSZHOOLQJ UHJLRQZH DUH XVHG WR WKLQN RI WKH FURVVVKRUH ÀRZ DV UHVHPEOLQJ DQ
LGHDOL]HG YHUWLFDO FHOOZLWK RIIVKRUH(NPDQÀRZ LQ WKH VXUIDFH OD\HUV DQG D FRPSHQVDWLQJ
RQVKRUHVXEVXUIDFHÀRZ+RZHYHUWKHSUHYLRXVUHVXOWVLOOXVWUDWHWKHH[LVWHQFHRIVXEVWDQWLDO
along-slope water convergence within both SW and uCW (Fig. 2.6), in our case this being the 
PDLQ UHVSRQVLEOH IRU WKH FURVVVKRUH FLUFXODWLRQSDWWHUQV7KLV LV FRQ¿UPHGE\ WKHSUHVHQFH
RIVXEVWDQWLDORIIVKRUHÀRZLQWKHVHWZRZDWHUVWUDWDEHWZHHQDERXWDQG1)LJ
7KHH[LVWHQFHRIZDWHUH[SRUWLVFRQ¿UPHGE\WKHWUDMHFWRULHVRIWKUHHGULIWHUVGUDJJHGDW
m (Fig. 2.9). All three drifters initially followed north along the slope and at least two of them 
(the third one stopped transmission) departed offshore south of the position of the CVFZ, 
ZKLFKDWWKHWLPHZDVORFDWHGDVIDUQRUWKDVWR1)LJ:LWKLQ6:WKHÀRZSDWWHUQ
LVPRUHFRPSOH[SUREDEO\DV WKHUHVXOWRIFRDVWDO¿ODPHQWVDQGWKHDVVRFLDWHGUHFLUFXODWLRQ




lower stratum there appears to be a good connection between the slope current and the interior 
*'RFHDQZKLFKJLYHVULVHWRWKHREVHUYHGVRXWKZDUGÀRZRIWKH6$&:FYYDULHW\1RUWKRI
1DQRWKHUUHFLUFXODWLRQPD\EHRFFXUULQJZLWKRQVKRUHÀRZEHWZHHQDQG1DQG
offshore export between 20 and 21ºN.  
2.4. Conclusions and discussion
The comprehensive data set acquired during the CANOA08 cruise provides a good picture of 
what probably is the characteristic late-summer and autumn circulation of surface and central 
waters along the continental slope between Cape Verde and the Canary Islands (Fig. 2.10). Two 
quite different dynamic regions may be distinguished, separated by the Cape Verde Frontal 
Zone (CVFZ) which crossed the slope at a position north of Cape Blanc (22-23ºN). North of 
this frontal zone, the circulation pattern is highly variable as a result of the interaction between 
coastal upwelling, the Poleward Undercurrent (PUC) and the intense mesoscalar activity in 
the region south of the Canary Islands. South of Cape Blanc the dynamics is dominated by 
the along-slope PUC and the surface northward branch of the cyclonic circulation around the 
Guinea Dome (GD), the Mauritanian Current (MC). Our dataset corresponds to a situation 
ZKHQPD[LPXPQRUWKZDUGÀRZ WDNHVSODFH [Mittelstaedt, 1991; Elmoussaoui et al., 2005], 
thanks to an enhanced MC (up to 1.8 Sv) within Surface Waters (SW; ıș GRZQWRDERXW
PDQGWKURXJKDZHOOGH¿QHGEXWUHODWLYHO\VKDOORZDORQJVORSH38&6YZLWKLQXSSHU
&HQWUDO:DWHUVX&:ıș<26.85, between some 100 and 300 m). Poleward along-slope 
WUDQVSRUWUHDFKHVXQWLODWOHDVW1ZKHUHZHVWLOO¿QG6YRI6:DQGX&:IDYRXUHGE\
the far offshore position of the coastal upwelling front.
The upper-thermocline circulation in the GD region has been traditionally thought as having 
long residence times [Kawase et al., 1985; Zenk et al., 1991]. Tropical water feeds the GD 
WKURXJKWKH1RUWK(TXDWRULDO8QGHUFXUUHQW1(8&DWDERXW1DQGVHDVRQDOO\DOVRE\WKH
North Equatorial Counter Current (NECC) at about 7-8ºN, but this only occurs in the relatively 
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shallow uCW layers [Elmoussaoui et al., 2005; Stramma et al., 2008]. Further deep, within the 
lower Central Waters (lCW; 26.85< ıș <27.1, between about 300 and 500 m), the GD waters 
have much longer residence times [Kawase et al., 1985; Zenk et al., 1991]. 
How much of the NEUC and NECC connects with the PUC and how much crosses the CVFZ? 
The distinction of two varieties of southern central waters (relatively pure SACW and the more 
diluted, regional, SACWcv) has allowed us to better understand the complex processes that 
characterize the CVFZ. The SACW variety, characterized by a salinity minimum and relatively 
KLJKR[\JHQFRQWHQW LVIRXQGRQO\ZLWKLQX&:7KLVZDWHUW\SH¿WVZHOOWKHFKDUDFWHULVWLFV
of the upper thermocline waters at 7.5ºN [Arhan et al., 1998]WKHUHIRUHFRQ¿UPLQJWKDWWKH\
represent tropical waters advected eastwards by the shallow NEUC and NECC jets. These 
MHWV GR QRW DSSHDU WR IHHG WKH FRQWLQHQWDO VORSH FXUUHQWV WKURXJK VRPH VSHFL¿F ORFDWLRQ DV
Figure 2.9. Trajectories of three buoys dragged at 100 m 
and deployed near Cape Blanc during the cruise. The black 
circles indicate the deployment positions; the black trajec-
tory corresponds to 9 days, the dark-gray trajectory to 22 
days and the light-gray trajectory to 170 days. The tick 
marks in the light-gray and dark-gray trajectories indicate 
the position every week. The thick dotted line indicates the 
approximate position of the CVFZ as inferred from the lo-
cation of the 36.0 isohaline at 100 m (Zenk el at., 1991).
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the core with highest SACW content appears offshore from the PUC and the proportion of 
SACW increases progressively equatorwards, but rather the connection spreads all the way 
between Cape Blanc and Cape Verde and even further south. Similarly, the lCW layers appear 
as connected to the interior ocean through an anticyclonic gyre, possibly the eastern limb of a 
more closed-like system that would favour perpetuate the old SACWcv as the regnant water 
variety in the shadow zone.
Just north of Cape Verde, at 16ºN, about 70% of the water transported by the PUC is pure 
SACW. On one hand, incorporation of NACW across the CVFZ results in a salinity increase; 
on the other hand, high productivity in the along-slope upwelling region and the Cape Blanc 
JLDQW¿ODPHQW[Gabric et al., 1993] leads to sinking of organic particles and enhanced oxygen 
consumption. Both processes cause the full transformation of SACW into the SACWcv variety. 
Figure 2.10. Circulation patterns and mass 
ÀX[HV >6Y@ RI 6:X&: EODFN OLQH DQG
lCW (gray line) during CANOA08. The 




Some SACW is exported offshore near Cape Blanc (between about 20 and 21ºN) and likely 
recirculate south; however, an important fraction of southern waters, already transformed as 
6$&:FYIROORZVQRUWKDORQJVORSHZLWKDVPXFKDV6YUHDFKLQJDWOHDVW17KHZDWHUV
located off Cape Blanc, during our cruise found just south of the CVFZ, appear to be the site 
of substantial mesoscale recirculations which would enhance the exchange of southern and 
northern waters (Fig. 2.10).
Our observations at the lCW level also show that, at latitudes higher than Cape Blanc, there 
LVDVXEVWDQWLDODPRXQWRI6$&:FYZKLFKÀRZVVRXWK7KLVUDLVHVWKHSRVVLELOLW\RIVHDVRQDO
current reversals in this deep water stratum, in agreement with numerical simulations by 
[Elmoussaoui et al., 2005]. These reversals would occur between a deep PUC phase, which 
would take SACWcv north along the slope, and a shallow summer-fall phase as observed during 
our cruise. During this shallow phase the reversal would not necessarily bring SACWcv back 
VRXWKRXUUHVXOWVUDWKHUVXJJHVWWKDWDVLJQL¿FDQWIUDFWLRQRIWKHVRXWKZDUGÀRZIHHGVIURPWKH
interior ocean, possibly in some sort of basin-wide anticyclonic gyre, so that this process would 
lead to the permanent transfer of southern waters into the subtropical gyre. This agrees with the 
predominant one-way entrainment of southern waters into the subtropical gyre found by Klein 
and Tomczak,>@.
In this study we have presented a rather novel perspective of the current system over the 
continental slope off NW Africa. Many previous studies have emphasized the importance of the 
equatorward and offshore transport of properties by the subtropical eastern boundary system 
[Mittelstaedt, 1983, 1991; Barton, 1989; Van Camp et al., 1991; Pelegrí et al., 2005, 2006]. 
Other works stressed the importance of the CVFZ as a barrier between waters of northern and 
southern origin and a region of water convergence and export [Barton, 1987; Zenk et al., 1991; 
Gabric et al., 1993]. However, here we have shown that the continental slope current system, 
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WKURXJK WKH QRUWKZDUG EUDQFKLQJ IURP WKH HDVWZDUG ÀRZ RI WKH QRUWKHUQ 1RUWK (TXDWRULDO
&RXQWHU&XUUHQW Q1(&& ,Q FRQWUDVW WKLV QRUWKZDUG VXSSO\ LV UHGXFHG LQ WKH ORZHU OD\HU
WKRXJKDPHDQDQWLF\FORQLFSDWWHUQ WKDW LQVWHDGHQKDQFHV WKHFRQWULEXWLRQRI1$&:IURPD
SUHYLRXVO\XQUHSRUWHGEDQGRIHDVWZDUGÀRZQHDUWKH&DSH9HUGH,VODQGV






YHQWLODWHGVXEWURSLFDOJ\UHVDQG WKH WURSLFDO V\VWHPRI]RQDO MHWV7KHFRPELQDWLRQRIZHDN
YHQWLODWLRQ DQG HQKDQFHG PLFURELDO UHVSLUDWLRQ RI RUJDQLF PDWWHU IURP WKH QHDUE\ KLJKO\











2YHUWXUQLQJ&LUFXODWLRQ IXUWKHU OHDGV WR WKHSUHGRPLQDQFHRI VRXWKHUQRULJLQZDWHUV LQ WKH
ZKROHWURSLFDOWKHUPRFOLQH>Kirchner et al.@6RXWK$WODQWLF&HQWUDO:DWHU6$&:DQG
$QWDUFWLF,QWHUPHGLDWH:DWHU$$,:FURVVWKHHTXDWRUPRVWO\DORQJWKHZHVWHUQPDUJLQYLD















EHWZHHQ WKH1(8&Q1(&&DQG WKHQD20=DWGHSWKV DERYHP >Stramma et al. 















DERXWPZLWKLQWKH&HQWUDO:DWHUVWUDWXP>Fraga F.Voituriez and Chuchla
Poole and TomczakPastor et al.Peña-Izquierdo et al.@)UHVKHUDQGFROGHU
ZDWHUVDUHIRXQGRQO\DERYHWKLVOHYHOLQGLFDWLYHRI6$&:ZKLOHDQHQKDQFHGLQÀXHQFHRI
















PDVV DQDO\VLVZLWK D KLJKGHQVLW\ WHPSHUDWXUH DQG VDOLQLW\ GDWDVHW FRPSULVLQJ DOO DYDLODEOH






















$OWKRXJK WKH GDWD FHQWHUV SHUIRUP DQ DXWRPDWLF TXDOLW\ FRQWURO RQ WKH GDWD DQ DGGLWLRQDO
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GHJUHHVRIODWLWXGHDQGORQJLWXGHIRUD¿QDOVWDWLVWLFDOWHVW7KHDYHUDJHTDQGSYDOXHVDWHDFK
GHQVLW\ OHYHODUHFRPSXWHGIRUHDFKELQVR WKDWDQ\SUR¿OHZLWKGDWDEH\RQG WKUHHVWDQGDUG
GHYLDWLRQV IURPWKHPHDQ LV UHPRYHG7KH¿QDO T/SGDWDVHW LQFOXGHVSUR¿OHVRQıș 
FRRUGLQDWHV
:HDOVRXVHWKHRFHDQR[\JHQFRQWHQW¿HOGIURPWKHDQQXDO:2&(DWODV>Gouretski, V. and 
Koltermann @ZLWK  KRUL]RQWDO UHVROXWLRQ DQG  YHUWLFDO OHYHOVAn advantageous 









3.2.2 Water mass analysis
$ZDWHUPDVVDQDO\VLVLVFDUULHGRXWWRGLVWLQJXLVKWKHFRQWULEXWLRQRIZDWHUPDVVHVZLWKVRXWKHUQ
DQGQRUWKHUQRULJLQWRWKHQD20=WKHUPRFOLQH:HIRFXVRQWKH&HQWUDO:DWHUVWUDWXPZKHUH









RI6$&:DQG1$&:FRUUHFWO\ FRQ¿QH WKH YDULDELOLW\ RI FHQWUDOZDWHUVZLWKLQ WKH WURSLFDO
$WODQWLF
7KHDQDO\VLVLPSOHPHQWHGKHUHLVDVLPSOL¿HGLVRS\FQDOYHUVLRQRIWKH2SWLPXP0XOWLSDUDPHWHU
$QDO\VLV >Mackas et al. Tomczak and Large @7KHPHWKRG DLPV DW ¿QGLQJ WKH
FRQWULEXWLRQRISUHGH¿QHGZDWHUW\SHVLQHDFKGDWDSRLQWGHWHUPLQHGDVWKHEHVWOLQHDUPL[LQJ
FRPELQDWLRQ LQ DPXOWLYDULDEOH VSDFH ,Q RXU FDVHZH RQO\ XVH WZRK\GURJUDSKLF YDULDEOHV
WHPSHUDWXUHDQGVDOLQLW\WRJHWKHUZLWKWKHPDVVFRQVHUYDWLRQFRQVWUDLQW









7KLV WRWDO UHVLGXDO UHSUHVHQWV WKHZHLJKHG VXPPDWLRQRI WKH UHVLGXDOV RI DOO WKUHH YDULDEOHV













DJUHHPHQW LQ WKH ODWLWXGLQDOYDULDWLRQRI VXUIDFH]RQDOYHORFLWLHV D UHÀHFWLRQRI WKH WURSLFDO
V\VWHPRI]RQDOMHWV
3.3 Water mass of the naOMZ

















UHSUHVHQWHG E\ WKH PRGHO FOLPDWRORJ\ ZKLFK RQO\ LQFOXGHV SHUPDQHQW IHDWXUHV 7KHUHIRUH



































FRQWHQW1HYHUWKHOHVV WKHPHDQ SUR¿OH IRU WKH QD20= )LJXUH  VKRZV WKDW WKH R[\JHQ
























7KHDEVROXWHPLQLPXP LV IRXQG LQ WKH O&:DWıș NJP DQGD VHFRQGDU\PLQLPXP
LV ORFDWHGZLWKLQ WKH X&: DW ıș    NJP )LJXUH 7KLV IHDWXUH DOVR VXJJHVWV WKH
H[LVWHQFHRIGLIIHUHQWUHJLPHVLQWKHX&:DQGO&:OD\HUV,QWKHDEVHQFHRIELRORJLFDODFWLYLW\














LQDQR[\JHQSUR¿OHZLOORFFXUDVD UHVXOWRIHLWKHU LQWHQVH UHVSLUDWLRQRUZHDNYHQWLODWLRQ
RU ERWK ,QRXU FDVH WKHGRPLQDQFHRI SXUH6$&: LQ WKHX&:VXJJHVWV WKHUH LVPRGHUDWH
YHQWLODWLRQ OLQNHG WR WKH1(8& DQG Q1(&&ZLWK WKH R[\JHQPLQLPXPPDLQO\ GULYHQ E\
HQKDQFHG UHVSLUDWLRQ 7KHUH LV SRVVLEO\ VRPH UDQJH RI R[\JHQ FRQFHQWUDWLRQV ZKHUH WKH





)LJXUH  0HDQ YHUWLFDO SUR¿OHV RI
the 1$&: SURSRUWLRQ DQG WKH R[\JHQ
FRQWHQWZLWKLQWKHQD20=GH¿QHGDVWKH
UHJLRQHDVWRI:DQGEHWZHHQ1DQG
1 2QH VWDQGDUG GHYLDWLRQ LV VKRZQ
ZLWK GDVKHG OLQHV 7KH OHYHO ZLWK PLQL
PXPR[\JHQFRQWHQWZLWKLQWKHX&:DQG
O&:ıDQGıLVKLJKOLJKWHGZLWK
KRUL]RQWDO EODFN OLQHV 7KH ı OHYHO
VHSDUDWLQJ WKH X&: DQG O&: LVPDUNHG
ZLWKDVROLGEODFNOLQH
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3.4 The thermocline circulation in the ECCO2 model. 
3.4.1 The northeastern tropical Atlantic
:H PD\ QRZ FRQQHFW WKH IHDWXUHV WKDW KDYH HPHUJHG IURP WKH ZDWHU PDVV DQDO\VLV ZLWK
WKRVH WKDWDULVH IURP WKHJHQHUDOFLUFXODWLRQRI WKHQRUWKHDVWHUQ7URSLFDO$WODQWLFDV VHHQ LQ
WKH(&&2PRGHO:HVWDUWE\LQYHVWLJDWLQJWKHOD\HUDYHUDJHGYHORFLW\¿HOGV,QWKHX&:
WKHPRGHOVKRZVDEURDGF\FORQLFSDWWHUQGRPLQDWLQJWKHDQQXDOPHDQFLUFXODWLRQ)LJD
7KHPHDQ HDVWZDUG ÀRZ VRXWK RI WKH&DSH9HUGH ,VODQGV FDUULHV 6$&: IURP WKH WURSLFDO
WR WKH VXEWURSLFDO UHJLRQV WKURXJKDPDUNHGQRUWKZDUGÀRZEHWZHHQ:DQG WKH$IULFDQ
FRQWLQHQW7KLVÀRZLVHVSHFLDOO\HQKDQFHGDORQJWKHFRQWLQHQWDOVORSHE\WKH38&DVVRFLDWHG
ZLWK WKH FRDVWDO XSZHOOLQJ V\VWHP >Barton Mittelstaedt Peña-Izquierdo et al.
@6LPLODUUHVXOWVDULVHIURPWKHQXPHULFDOVLPXODWLRQRIElmoussaoui et al. >@ZLWK
DPD[LPXPQRUWKZDUGWUDQVSRUWLQFOXGLQJQRZWKHX&:DQGWKHVXUIDFHOD\HURI6YGXULQJ
WKH)DOOVHDVRQ$IWHU MRLQLQJ WKHZHVWZDUGÀRZRI WKHVXEWURSLFDOJ\UHVRPHRI WKLVZDWHU









LPSRUWDQW WRGLVWLQJXLVK WKH*XLQHD'RPHIURPWKH67& WKHIRUPHUEHLQJDPXFKVPDOOHU
VFDOHV\VWHPDFWLQJDWVKDOORZHUOHYHOVORFDWHGIXUWKHUVRXWKDQGGLUHFWO\GULYHQE\WKHUHJLRQDO
F\FORQLFZLQGVWUHVV>Siedler et al.Lázaro et al.@
,Q WKH O&: WKH PHDQ YHORFLW\ ¿HOG LV UHODWLYHO\ ZHDN ZLWK OHVV ZHOOGH¿QHG FLUFXODWLRQ
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SDWWHUQV WKDQ LQ WKH X&: )LJ E \HW WZRPDLQ VWUXFWXUHV FDQ EH GHWHFWHG7KH ¿UVW RQH
LV DQ DQWLF\FORQLF J\UH ORFDWHG VRXWKRI WKH&DSH9HUGH ,VODQGVPDGHXSRI DZHOOGH¿QHG
HDVWZDUGÀRZDW1ÀRZLQJIURPDWOHDVW:DOOWKHZD\WRWKH$IULFDQFRQWLQHQWDQGD
VRXWKZHVWZDUGUHFLUFXODWLRQUHDFKLQJDVIDUVRXWKDV17KLVSDWWHUQWKHUHIRUHZHDNHQVWKH
GLUHFWSHQHWUDWLRQ WR WKHQD20=RIZDWHU IURP WKH VRXWK$ VLPLODU DQWLF\FORQLF FLUFXODWLRQ
ZDV SURSRVHG IURP JHRVWURSKLF FDOFXODWLRQV E\ Reid >@ IRU WKH$$,: OD\HU ORFDWHG
EHORZı7KHVRXWKZDUGH[WHQVLRQRIWKHFRQWRXUZLWKFRQWHQWRI1$&:)LJE
FRUURERUDWHV WKDW WKLVJ\UH UHDFKHV WKH&HQWUDO:DWHU VWUDWXP)XUWKHUPRUH WKH H[LVWHQFHRI
































VXEWKHUPRFOLQH WURSLFDOFHOO >Wang@ KDVDZHDNFLUFXODWLRQEHWZHHQDQGP
ZLWKDSDWWHUQRSSRVLWHWRWKHWURSLFDOFHOO$QDORJRXVO\ZHSURSRVHIRUWKHQRUWKHUQSDUWRI
WKHWURSLFDO$WODQWLFDQGIRUODUJHUVSDWLDODQGWHPSRUDOVFDOHVDYHU\VLPSOL¿HGDUUDQJHPHQW
RI VWDFNHGPHULGLRQDO RYHUWXUQLQJ FHOOVZLWKLQ WKH X&:DQG O&:7KH XSSHU FHOO )LJ H
ZRXOGFRUUHVSRQGWRWKHVXEWURSLFDOFHOOZKLOHWKHORZHURQH)LJIZRXOGUHVSRQGWRDORZHU
VXEWURSLFDOFHOOZLWKUHYHUVHGÀRZGLUHFWLRQ1RGLUHFWREVHUYDWLRQVRIWKHZKROHV\VWHPDUH





WKH WKHUPRFOLQH7KHGLVWULEXWLRQVRI WKHGHSWKDQG WKLFNQHVVRI WKHX&:DQG O&:)LJ
VXJJHVWWKHH[LVWHQFHRIDEDURFOLQLFPRGHRIFLUFXODWLRQWKRVHUHJLRQVZLWKDUHODWLYHO\WKLFN
X&: OD\HU KDYH D FRUUHVSRQGLQJO\ WKLQ O&: OD\HU DQG YLFH YHUVD 7KH VLPLODULW\ EHWZHHQ
WKH REVHUYHG FLUFXODWLRQ SDWWHUQV DQG WKH ERWWRPGHSWK RI HDFK OD\HU VXJJHVWV WKDW WKHÀRZ
























3.4.2 The Cape Verde Current System
$VPHQWLRQHGEHIRUHPRVWRIWKHZDWHUVXSSO\WRWKHQD20=LVWUDGLWLRQDOO\DWWULEXWHGWRWKH
1(8&DQGQ1(&&ERWKÀRZLQJVRXWKRI1>Stramma et al.EBrandt et al.





























DQG1REVHUYDWLRQV>Stramma et al.EBrandt et al.Hahn et al.@
VXJJHVWPRUH ÀRZ YDULDELOLW\ \HWZLWK SUHIHUHQWLDOZHVWZDUGHDVWZDUG SDWKV VRXWKQRUWK RI







1DVFDOFXODWHGXVLQJ WKH$UJRSURJUDPT/SSUR¿OHVKDVEHHQUHFHQWO\ UHSRUWHGIRU WKH




























DV KLJK UHVROXWLRQ DSSHDUV QHFHVVDU\ WR SURSHUO\ PRGHO WKH LQWHUPHGLDWH GHSWK HTXDWRULDO





PLJUDWLRQ RI WKH ,QWHU7URSLFDO &RQYHUJHQFH =RQH ,7&= ZKLFK GULYHV WKH LQWHQVLW\ DQG
ORFDWLRQRIWKHQRUWKHUQDQGVRXWKHUQ7UDGHZLQGV7KH,7&=UHDFKHVLWVVRXWKHUQPRVWORFDWLRQ
LQZLQWHUOHDGLQJWRWKHSUHYDOHQFHRIWKHVRXWKZHVWZDUG7UDGHZLQGVRYHUPRVWRIWKHWURSLFDO
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3.5 Discussion and conclusions














VFKHPH WR WKH ORFDO DQG VKDOORZZLQGGULYHQ*XLQHD'RPH >Stramma et al.  E
Brandt et al.@+RZHYHUWKHUHODWLYHO\GHHSUHDFKLQJPYHUWLFDOH[WHQVLRQRIWKH
SUHYDLOLQJF\FORQLFFLUFXODWLRQLQ WKHX&:WRJHWKHUZLWK WKHKRUL]RQWDO  GLVWULEXWLRQRI WKH
(&&2YHUWLFDOYHORFLWLHVVXJJHVWWKDWWKHZDWHUVXSSO\LQWKLVOD\HULVGULYHQE\WKHODUJH
VFDOHVXEWURSLFDOFHOO>Zhang et al.Schott et al.@
7KH FLUFXODWLRQ LQ WKH O&: LVPDUNHGO\GLIIHUHQW IURP WKDW RI WKHX&: )LJXUH E2Q
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1DQGEHORZWKHZHVWZDUGÀRZRI WKHVXEWURSLFDOJ\UHKDYHDOVREHHQUHFHQWO\SRLQWHG





GHFDGHVLQWKHZRUOG20=V>Deutsch et al.Ridder and England@

Chapter IV
A Lagrangian point of view 
This chapter is the second part of the work Peña-Izquierdo J., E. van Sebille, J.L. Pelegrí, J. Sprintall, 





Chapter III has highlighted the existence of a previously unreported subtropical advective 
pathway in the eastern tropical North Atlantic Ocean, from the well-ventilated northern 
subtropical gyre to the North Atlantic Oxygen Minimum Zone (naOMZ). However, advection 
is only part of the story: recent studies have shown the major role that mesoscale eddy and 
diapycnal diffusion play a very important role in the ventilation of a stagnant naOMZ. In this 
study we perform numerical Lagrangian simulations to include both the advective and diffusive 
components as part of a comprehensive description of water mass renewal in the naOMZ. 
A purely isopycnal simulation shows that marked different pathways within the upper and 
lower Central Water  (CW) layers lead to the abrupt water mass vertical transition observed 
within the naOMZ. The along-trajectory diapycnal diffusion greatly smoothes this transition 
WKURXJKDSUHYDLOLQJXSZDUGGRZQZDUGYHUWLFDOÀX[RISDUWLFOHVZLWKLQWKHIDVWHUVORZHUXSSHU
lower layer, leading to a maximum 20% decrease/increase in the water supply rate within each 
layer. Mesoscale eddy diffusion further increases the mass exchange across the frontal zone 
between the tropical and subtropical gyres, enhancing the water renewal rate of the naOMZ 
by up to 25%. The joint effect of all these three elements (isopycnal advection, diapycnal and 
eddy mesoscale diffusion) accurately reproduces the observed vertical changes in water mass 
composition within the naOMZ. In the upper CW, the supply of water mainly comes from the 
south (56%) via the North Equatorial UnderCurrent (NEUC) and the northern North Equatorial 
CounterCurrent (nNECC) with an 85% contribution of southern origin particles. In the lower 
CW, this tropical pathway is drastically weakened in favor of a subtropical pathway - more than 
two thirds of the total supply takes place north of 10ºN in this layer, mainly via both the Cape 
9HUGH&XUUHQW DORQJ1DQGÀRZV UHFLUFXODWHG IURP WKHQRUWKHUQVXEWURSLFDOJ\UH
(30%). 
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4.1 Introduction
The observed expansion of the world OMZs [Stramma et al., 2008a; Brandt et al., 2010] and the 
remarkable impact it may have on the marine ecosystem [Stramma et al., 2010, 2011; Wright et 
al., 2012] has led to a growing interest in the study of the circulation within the ocean shadow 
zones, aiming at a deeper understanding of the OMZs dynamics. A case of special interest is the 
North Atlantic OMZ (naOMZ), being the smallest in extension and highest in oxygen content 
among all OMZs [Karstensen et al., 2008] but, in contrast, having a deoxygenation rate at least 
twice larger than in the others regions. Chapter III has presented a rather novel description of 
the naOMZ circulation with two markedly distinct vertical dynamic domains: the upper and the 
lower Central Water (uCW and lCW respectively). The uCW (between density levels ıș=26.3 
kg m-3 and ıș=26.8 kg m-3) exhibits a strong connection with the tropical system of jets south of 
10ºN and thus a predominant contribution of SACW. The lCW (between density levels ıș=26.8 
kg m-3 and ıș=27.15 kg m-3) displays a more diffuse circulation pattern and shows that the core 
of the naOMZ is made up with a 50% mixture of SACW and NACW; this result implies a 
transfer of mass from the northern subtropical gyre and thus a previously unaccounted supply 
of oxygen to the core of the naOMZ [Figure 4.1].
7KHODUJHVFDOHFLUFXODWLRQEDVHGRQ(XOHULDQWLPHDYHUDJHG¿HOGVDVSUHVHQWHGLQ&KDSWHU,,,
is a principal factor settling the development of the naOMZ. Nevertheless, it does not take into 
account the role played by mesoscale eddies and diapycnal diffusion in the local renewal of 
the naOMZ thermocline. By applying the Osborn–Cox model to a set of repeated observations 
along meridional sections crossing the naOMZ, Hahn et al. [2014] obtained that the eddy-driven 
meridional oxygen supply contributes more than 50% of the total oxygen demand, and Fischer 
et al. >@IRXQGWKDWGLDS\FQDOÀX[HVVXSSO\DWOHDVWRQHWKLUGRIWKHR[\JHQFRQVXPHGDW
the core of the naOMZ. Hence, the complete description of the oxygen supply to the naOMZ 
should include a complex three-dimensional pathway of large-scale circulation and local mixing 
[Brandt et al., 2014; Duteil et al., 2014].
In this work we extend the description in Chapter III by using a Lagrangian approach that 
LQFOXGHV LQDGGLWLRQWR WKHPHDQÀRZWKHVHDVRQDOYDULDELOLW\ WKHPHVRVFDOHHGG\¿HOGDQG
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the diapycnal diffusion; the advantage of the Lagrangian perspective is that provides for the 
joint effect of these different processes, which have only been considered separately in earlier 
Eulerian studies [Elmoussaoui et al., 2005; Stramma et al., 2005; Brandt et al., 2010; Fischer 
et al., 2013; Hahn et al., 2014]. We actually perform several numerical Lagrangian simulations 
of increased complexity with the purpose of isolating the contribution of each of these different 
processes (turbulent and diapycnal diffusion) to the water renewal in the naOMZ. Moreover, 
the comparison with the water mass distribution obtained in Chapter III, and the water mass 
composition as deduced from the Lagrangian pathways, shall provide a consistent validation of 
the results.
Figure 4.1. Observational distri-
bution of the NACW content (per-
centage, in color) obtained from 
the water mass analysis performed 
in chapter III at ıXSSHUDQG
ıERWWRP7KLVOHYHOVSUHVHQW
the lowest oxygen content of the 
naOMZ within the uCW and the 
lCW respectively. Contours of 
30%, 50% and 80% are shown 
with black lines. Climatological 
oxygen content [umol kg-1 ] from 
the annual WOCE atlas [Go-
uretski, V. and Koltermann, 2004] 
is shown in white contours. The 
naOMZ box where particle are re-
leased is represented with a dotted 
black box.
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4.2 Data and methods 
7KHYHORFLW\¿HOG
7KHQXPHULFDOYHORFLW\¿HOGWRUXQWKH/DJUDQJLDQH[SHULPHQWLVWKH(&&2DVVLPLODWLYHSURGXFW
already used in Chapter III. The horizontal resolution of the simulation is a 1/4 of degree, with 
50 vertical levels, spanning 20 years from 1992 to 2011 with a temporal resolution of 3 days. 
7ZRGLIIHUHQWYHORFLW\¿HOGVZLOOEHXVHGWRGHVFULEHWKHSURFHVVHVWKDWOHDGWRWKHWKHUPRKDOLQH
transition at ıș=26.8 kg m-3  (ı2QD¿UVWDQGVLPSOL¿HGFDVHZHZLOOXVHDIXOO\LVRS\FQDO
WZRGLPHQVLRQDO'¿HOGFRPSXWHGE\YHUWLFDOO\DYHUDJLQJWKHRULJLQDO(&&2KRUL]RQWDO
velocities over 0.05 kg m-3GHQVLW\OD\HUV7KH/DJUDQJLDQDGYHFWLRQZLWKLQWKLV'¿HOGZLOO
always follow isopycnal surfaces and the vertical velocity is therefore solely related to the 
isopycnals’ slope. Second, we will use the original three-dimensional (3D) ECCO2 velocity 
¿HOG7KHFRPSDULVRQEHWZHHQRXWFRPHVIURPERWKYHORFLW\¿HOGVDOORZVGLVWLQFWLRQEHWZHHQ
the isopycnal and diapycnal components in the ECCO2 product. 
The isopycnal/diapycnal analysis will be used to obtain an order-of-magnitude estimate for the 
GLDS\FQDOÀX[HVLQ20=VDVLWKDVEHHQDUJXHGWKDWWKH\PD\DFFRXQWIRUXSWRRQHWKLUGRI
the total oxygen supply in these regions [Fischer et al., 2013]. Nonetheless, we will take special 
caution when interpreting these results because the vertical velocity in ECCO2 is computed as 
a residual from the mass conservation condition in the horizontal plane. ECCO2, as a depth-
coordinate model, may have a preferential advection along z-constant surfaces. Hence, in 
UHJLRQVZKHUHWKHLVRS\FQDOVDUHQRWDEO\WLOWHGWKHVHPRGHOVPD\OHDGWRDQDUWL¿FLDOGLDS\FQDO
ÀX[>*ULI¿HVHWDO, 2000].
2Q WKH RWKHU KDQG WKH HGG\SHUPLWWLQJ EXW QRW IXOO\UHVROYLQJ (&&2 YHORFLW\ ¿HOGPD\
underestimate the strength of the tropical system of jets and the horizontal turbulent diffusion. 
Duteil et al. [2014] have shown that the model horizontal resolution, i.e. the model ability to 
resolve mesocale structures, plays a major role in reproducing the thermocline oxygen content 
of the tropical Atlantic. Although we focus on the water mass distribution rather than oxygen 




by Döös et al.>@DQGEULHÀ\VXPPDUL]HGEHORZ
4.2.2 The Lagrangian experiment
Lagrangian trajectories are computed using the Connectivity Modeling System version 1.1 
(CMS) [Paris et al., 2013] that tracks virtual particles within a numerical circulation model. 
$Q DGYDQWDJH RI WKH&06 SDFNDJH LV WKDW LW DOORZV DGGLQJ RI DUWL¿FLDO HGG\ GLIIXVLYLW\ WR
VLPXODWHG\QDPLFVZLWKDVPDOOHUVSDWLDOVFDOHWKDQWKHPRGHOJULGUHVROXWLRQ7KLVDUWL¿FLDO
turbulence is here parameterized by adding a stochastic impulse (I) each time-step particles 
are advected. As in Döös et al. [2011], this impulse consists of an extra horizontal velocity 
parameterized according to , where K LV WKHKRUL]RQWDOHGG\GLIIXVLYLW\FRHI¿FLHQWdt is the 
time step, and r is a random number between -1 and 1 from a Gaussian distribution. In our case, 
with a 1/4º horizontal resolution model, we tested  0, 50, 100 and 1000 m2 s-1DQGWKHEHVW¿W
to observations (section 4.3.1) corresponded to  m2 s-1IRUWKHRULJLQDO'YHORFLW\¿HOG7KLV
value is in agreement with Döös et al., [2011] who obtained  m2 s-1DVWKHEHVW¿WEHWZHHQWKH
dispersion of real ocean surface drifters and virtual particles within a 1/4º resolution model. The 
focus on subsurface levels in our study likely explains the smaller values we use for K.
In order to discern the role that diapycnal mixing and the horizontal subgrid-scale diffusion play 
in the water mass renewal of the naOMZ, we will use four different Lagrangian simulations 
RI LQFUHDVHGFRPSOH[LW\FRUUHVSRQGLQJWR WKH'DQG'YHORFLW\¿HOGVZLWKDQGZLWKRXWD
subgrid scale diffusion of  m2 s-16SHFL¿FDOO\ZHZLOOFRPSDUHWKHRXWFRPHVIURPWKHIROORZLQJ
IRXU VLPXODWLRQV ' LVRS\FQDO YHORFLW\ ¿HOGZLWKRXW VXEJULGVFDOH GLIIXVLRQ ,62. '




As we are interested in the source of the naOMZ waters, we release particles within the naOMZ 
and advect them backwards in time for up to 100 years. This means that we are computing all 
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trajectories that end up in the naOMZ in a realistic forward time simulation. In order to attain 
a time series 100 years long, the available 20-year numerical simulation is therefore looped in 
the same way as in van Sebille et al. [2012, 2013]. The release region for the virtual particles, 
KHUHDIWHUGH¿QHGDVWKHQD20=ER[LVORFDWHGEHWZHHQ1DQG1DQGHDVWRI:)LJXUH
4.1). This box roughly comprises the region where most of the lowest oxygen values have been 
recently located [Fischer et al., 2013] at the core of the naOMZ. The area of study spans the 
entire North Atlantic tropical Ocean (from 60ºW to 0º) and from the southern hemisphere to 
beyond the southern edge of the North Atlantic Subtropical Gyre (from 5ºS to 30ºN). In each 
experiment, a total of 170,000 virtual particles are randomly seeded every 15 days during the 
¿UVW\HDUVRIWKHVLPXODWLRQ)RUVLPSOLFLW\DOWKRXJKWKH/DJUDQJLDQVLPXODWLRQLVFRPSXWHG
backwards in time from the naOMZ box, in the manuscript we will always describe particles 
trajectories in a realistic forward time, always ending in the naOMZ.
4.3. Lagrangian simulations
The contribution of the different water masses that make up certain regions of the ocean can 
also be inferred from the trajectories of the water parcels, or Lagrangian particles, that end 
XSLQWKDWUHJLRQ6SHFL¿FDOO\WKHDQDO\VLVRIWKHRULJLQRIDOOSDUWLFOHVHQGLQJLQWKHQD20=
should be comparable with the observational water mass analysis carried out in chapter III. 
Both analyses should independently lead to similar water mass contributions to the naOMZ. 
Therefore, a good agreement among them should be considered as a consistent validation of 
WKHPRGHOOHG/DJUDQJLDQWUDMHFWRULHVDQGWKHQXPHULFDORFHDQPRGHOYHORFLW\¿HOGVIURPZKLFK
they are derived.
4.3.1 Lagrangian stream function
One way to reveal the average pattern of a set of trajectories is to compute a Lagrangian stream 
function (LSF). Analogous to the standard (Eulerian) stream function, which accounts for the 
ÀX[EHWZHHQQHLJKERXULQJSRLQWVDWDQ\JLYHQWLPHWKH/6)DFFRXQWVIRUWKHQHWQXPEHURI
SDUWLFOHVRU WUDMHFWRULHV WKDWÀRZEHWZHHQWZRJULGSRLQWV WKURXJKRXW WKHHQWLUHVLPXODWLRQ
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However, it is important to note that the LSF does not show the average circulation within 
a region, as the Eulerian stream function does. Instead, it represents the average pathways 
followed by a selected set of particles, in what can be referred to as conditional pathways. Thus, 
the LSF only shows a subset of the circulation, in our case, the pathways to the naOMZ.
7RFRPSXWHDVWUHDPIXQFWLRQWKHÀRZVKRXOGDOZD\VEHQRQGLYHUJHQW,QWKHFDVHRID/6)
this means that trajectories should start and end out of the domain. The summation of the 
ODWLWXGLQDOO\ ÀRZLQJ SDUWLFOHV LV FDUULHG RXW DORQJ SDUDOOHOV PRYLQJ HDVW IURP WKH ZHVWHUQ
boundary and considering as positive (negative) counts those particles that move north (south), 
LHSDUWLFOHVDOZD\VÀRZZLWKODUJHU/6)YDOXHVWRWKHULJKW:HKDYHDOVRWDNHQWKH]HUR/6)
UHIHUHQFHYDOXHDWWKHVRXWKZHVWHUQJULGSRLQWRIWKHGRPDLQ7KHVHGH¿QLWLRQVPHDQVWKDWWKH
sign of the LSF is related to the origin of the trajectories; positive (negative) values are related 
with southern (northern) origin particles. Finally, the LSF values are normalized by the total 
QXPEHURISDUWLFOHVVRWKH\UHSUHVHQWWKHSURSRUWLRQRISDUWLFOHVWKDWIROORZDVSHFL¿FSDWKZD\
For further details about the LSF computation, the reader is referred to Blanke et al., [1999] or 
Döös et al., [2008].
,QFKDSWHU,,,ZHKDYHVKRZQWKDWWKHWKHUPRKDOLQHWUDQVLWLRQREVHUYHGDWıLVDSHUPDQHQW
feature of the northeastern Tropical Atlantic. Such a marked and persistent hydrographic footprint 
requires a continuous generating mechanism. We suggest that the uCW and lCW should be 
governed by different dynamics leading to a continuous supply of distinct water masses in 
each layer. However, diffusive processes, especially diapycnal mixing, should counteract this 




)LJXUH  FRPSDUHV IRU DOO WKUHH VLPXODWLRQV WKH PHDQ YHUWLFDO SUR¿OH RI WKH REVHUYHG
proportion of NACW within the naOMZ (black line) with the proportion of particles having 
a northern origin (coloured lines). Note that in order to show the Lagrangian pathways within 
the tropical Atlantic, the LSF is computed between 5ºS and 30ºN. This implies that particles 
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of southern and northern origin respectively come from south of 5ºS and north of 30ºN. This 
criterion is potentially too restrictive, as SACW/NACW presents a contribution above 80% 
south/north of 6ºN/20ºN (Figure 3.4). Therefore, we could alternatively assign a SACW/NACW 
¿QJHUSULQWWRWKRVHSDUWLFOHVDUULYLQJWRWKHQD20=IURPVRXWKQRUWKRI11+HUHDIWHU
we will distinguish between particles arriving from south/north of 6ºN/20ºN and the more 
UHVWULFWLYHGH¿QLWLRQRISDUWLFOHVRIVRXWKHUQQRUWKHUQ61RULJLQ1RWLFHWKDWZLWKWKH
OHVV UHVWULFWLYH GH¿QLWLRQ 11 D WUDMHFWRU\ VWDUWLQJ VRXWK RI 6 EXWÀRZLQJEHWZHHQ
20ºN and 3º0N within the northern subtropical gyre before entering into the naOMZ will be 
considered as a 20ºN particle despite its southern origin. For comparison, Figure 4.2 shows the 
SUR¿OHVIROORZLQJERWKFULWHULDLQHDFKVLPXODWLRQ7KHWZRSUR¿OHVDJUHHLQJHQHUDODOWKRXJK
as expected, the 6ºN/20ºN is closer to the observations for all simulations. 
4.3.2 Water mass pathways: ISO-K0
A marked depth increase in the contribution of northern particles is evident near ı26.8 for 
DOOVLPXODWLRQVLQDJUHHPHQWZLWKREVHUYDWLRQV+RZHYHUWKHWUDQVLWLRQLQWKHYHUWLFDOSUR¿OH
Figure 4.2.&RPSDULVRQEHWZHHQWKHPHDQREVHUYHGYHUWLFDOSUR¿OHRI1$&:ZLWKLQWKHQD20=ER[EODFNOLQH
with the one deduced from the number of particles entering the naOMZ with different origins (red/blue line, parti-
cles arriving from north of 20N/30N). The green line is calculated as the contribution of NACW particles that cross 
into the naOMZ box. The dashed line shows one standard deviation from the mean. Grey line denotes the fraction 




10% contribution of 20ºN particles all above ı26.8 but a marked increase just below, reaching 
63% at ı27.1. This unrealistic abrupt transition between the uCW and lCW is likely due to the 
QHJOHFWRIGLDS\FQDOÀX[HV1HYHUWKHOHVVWKLVDOVRSRLQWVWRWKHPDUNHGO\GLVWLQFWG\QDPLFVWKDW
rule the isopycnal circulation in each layer. 
7KH/6)FOHDUO\VKRZVGLIIHUHQWSDWWHUQVEHWZHHQWKHX&:DQGO&:IRUWKH,62.FDVH)LJXUH
4.3a and b). For the uCW, the major (above 80%) contribution of southern origin particles (red 
contours) is displayed via a continuous and successive northward branching from the tropical 
system of jets toward the naOMZ and throughout the whole zonal basin extension. Most of 
these particles cross the equator along the American continent via the North Brazil Current 
DQGWKHQUHWURÀHFWHDVWWRIHHGWKH(8&DW1DQGWKH1(8&DW1(DVWRI:QRUWKZDUG
EUDQFKLQJRI WKHVH MHWV MRLQV WKHQ1(&&ÀRZDW1 ,Q WKHVDPHPDQQHU WKHQ1(&&DOVR
branches successively northward to enter into the naOMZ mostly within a broad latitudinal 
band between 10ºN and the Cape Verde Islands, the Cape Verde current system (see chapter III). 
Northern origin particles (blue contours) within this layer enter the tropics mostly in the western 
PDUJLQ UHWURÀHFWLQJ HDVW IURP WKH VRXWKZHVWZDUG VXEWURSLFDO J\UH ÀRZ LQ DJUHHPHQWZLWK
observational studies [Kirchner et al., 2009]. Note however that the contribution of northern 
origin particles is overestimated in this simulation (Figure 4.2a) likely due to the inability of the 
isopycnal simulation to reproduce the enhanced vertical mixing of the upper levels near their 




in to the north branch of the Cape Verde Current (nCVC), just north of the Cape Verde Islands, 
IURPWKHPDLQVRXWKZHVWZDUGÀRZRIWKHHDVWHUQERXQGDU\FXUUHQWDQGHYHQWXDOO\UHDFKWKH
naOMZ, directly from this zonal current or after recirculating southward along the continental 
slope. The second difference is the pathways followed by southern origin particles. They enter 
LQWRWKHWURSLFDO1RUWK$WODQWLFDOVRYLDWKH1%&DQGUHWURÀHFWWRGLUHFWO\IHHGWKHQ1(&&DW
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about 8ºN. Virtually all southern origin particles leave the nNECC before 30ºW, branching north 
LQWRDSURJUHVVLYHO\QDUURZLQJEDQGRIHDVWZDUGÀRZ7KLVRFFXUVMXVWVRXWKRI1LQZKDW
appears to be the main conduit of southern origin particles to the naOMZ in this lower layer, the 
Cape Verde Current (CVC). The simulation reveals that, within the lCW and in contrast with 
the uCW, there is essentially no pathway from the tropics to the naOMZ east of 30ºW and south 
of 10ºN.
Finally, the third difference between the uCW and lCW pathways relates to their time scales. 
Figure 4.4a,b (blue lines) display the average time required by particles to reach the naOMZ box 
from any point of the domain. For example, we can compare the regions where southern and 
northern origin particles enter in to the tropical North Atlantic, via the NBC across the equator 
DQGYLDWKHVRXWKZHVWZDUGÀRZRIWKH1(&EHWZHHQ1DQG1UHVSHFWLYHO\1RPDWWHUWKH
origin, the times are similar within a layer: between 10 and 15 years for the uCW and between 
40 and 50 years for the lCW. The isopycnal simulation suggests that the time scales is 3-4 times 
longer in the lCW than in the uCW. The advection times show a notable disconnection within 
the lCW, between the naOMZ and the region lying just south, with transit times over 50 years 
for a distance shorter than 3º of latitude (Fig. 4.4b).
4.3.3 Water mass pathways: 3D-K0
When Lagrangian particles are allowed to change their density level along their trajectory (3D-
. WKH DEUXSWYHUWLFDO WUDQVLWLRQEHWZHHQ WKHX&:DQG WKH O&: LVJUHDWO\ VPRRWKHG )LJ
4.2b). The exchange of particles from different density levels leads to a homogenization in the 
water mass supply of the naOMZ. Part of the particles originally in less dense levels, thus with a 
SUHGRPLQDQWVRXWKHUQRULJLQZLOO¿QDOO\HQGZLWKLQWKHQD20=DWPRUHGHQVHOHYHOVH[SODLQLQJ
WKHUHGXFWLRQRIQRUWKHUQLQÀXHQFHGSDUWLFOHVLQWKHO&:7KLVIHDWXUHLVDOVRQRWLFHDEOHLQWKH
LSF of the lCW layer (Fig. 4.3d): the pathways followed by the particles ending in the lCW 
of the naOMZ now resemble those followed by the uCW particles. In this simulation roughly 
30% of all lCW particles reach the naOMZ directly from the nNECC (south of 10ºN) or from 
even further south, in comparison with the isopycnal simulation (Fig. 4.3b) where this pathway 
is totally absent. Also, the advection times within the lCW are reduced by about 25% (Fig. 
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4.4d). In contrast, the contribution to the uCW of northern particles is still minimal, i.e. no 
transfer from deeper levels is observed. Consistently, the general scheme of the LSF and the 
DGYHFWLRQWLPHVIRUX&:DUHRQO\VOLJKWO\PRGL¿HGZLWKUHVSHFWWRWKH,62.VLPXODWLRQ7KLV
asymmetry in the vertical transfer of particles between the two layers will be described in detail 
in section 4.3.5.
2Q WKH RWKHU KDQG WKH GLDS\FQDO GLIIXVLRQ LQ WKH '. VLPXODWLRQ XQGHUHVWLPDWHV WKH
contribution of northern particles, especially in the lCW. This suggests there may be other 
processes playing an important role in the water mass renewal of the naOMZ. The next section 
addresses this question.
Figure 4.3. Lagrangian pathways to the naOMZ for the three experiments within the uCW (top panel) and the lCW 
ERWWRPSDQHO6LPXODWLRQVDUHIURPWKH,62.OHIWSDQHOV'.PLGGOHSDQHOVDQG'.ULJKWSDQHOV
runs. The LSF is normalized by the total number of particles per layer, i.e. increments between contours refer to the 
SURSRUWLRQRISDUWLFOHVWKDWÀRZLQEHWZHHQZLWK/6)YDOXHVLQFUHDVLQJWRWKHULJKWRIWKHÀRZ7KH]HURUHIHUHQFH
LSF is selected in the south-western corner of the domain, so positive (negative) values of the LSF are related to 
southern (northern) origin pathways. The control section used in Figure 5 is displayed with a black dashed line.
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4.3.4 Water mass pathways: 3D-K100
Mesoscale dynamics may play a major role in the renewal of the OMZ thermocline [Duteil et al., 
2014; Hahn et al., 2014]. Since the eddy-permitting ECCO2 model does not fully resolve those 
processes responsible for the generation of mesoscale eddies, the ventilation of the naOMZ 
may be underestimated (Fig. 4.2b). For this reason, in our Lagrangian approach, the effect of 
the unresolved eddies is simulated by adding horizontal subgrid-scale diffusion to the model 
WUDMHFWRULHV'.VLPXODWLRQVHH0HWKRGV
The added diffusion enhances the proportion of northern particles, and is remarkably similar to 
WKHREVHUYDWLRQDOSUR¿OH)LJF7KHDGGHGKRUL]RQWDOGLIIXVLRQKDVWZRPDLQHIIHFWV)LUVW
it leads to a substantial increase in the water transfer from the northern subtropical gyre across 
WKHIURQWDO]RQHSDUWLFXODUO\LQWKHO&:ZKHUHWKHPDLQÀRZLVVOXJJLVK7KHDGGHGGLIIXVLRQ
increases the number of northern origin particles leaving the subtropical gyre and entering the 
Figure 4.4. Density of particles (in color) found within 0.5º×0.5º horizontal bins during the whole duration of 
HDFKVLPXODWLRQIRUWKHX&:WRSSDQHODQGWKHO&:ERWWRPSDQHOVWUDWD6LPXODWLRQVDUHIURPWKH,62.OHIW
SDQHOV'.PLGGOHSDQHOVDQG'.ULJKWSDQHOVUXQV7KHDGYHFWLRQWLPHVWRWKHQD20=ER[ZKLWH
edged box) are displayed with blue contours. For each bin, the advection time is estimated as the median value of 






4.4e and f) from the subtropical gyre and the north equatorial jets into the naOMZ are reduced 
(20-30%) compared with the two previous simulations. This is especially relevant for the supply 
of oxygen, as it implies an enhanced connection from these more oxygenated regions (Fig. 4.1) 
DQGWKXVDPRUHHI¿FLHQWYHQWLODWLRQRIWKHQD20=
A more detailed vertical description on how the water supply to the naOMZ takes place is 
SUHVHQWHGLQ)LJXUH,WVKRZVIRUWKH'.VLPXODWLRQWKHLQÀRZRISDUWLFOHVDFURVVD
control section located 3º outside the naOMZ box, where particles were released; this allows 
distinction of the preferential pathways entering the naOMZ. Since particles may cross this 
control section several times, we only show where and when they cross it for the last time 
EHIRUHUHDFKLQJWKHQD20=ER[7KHUHVXOWVRIWKH'.VLPXODWLRQPD\DOVREHXVHGWR
calculate the fraction of NACW that enters the naOMZ box at different levels. This supply is 
calculated as the observational proportion of NACW at the location where each particle enters 
WKHER[DQGWKHQVXPPLQJWKHVHFRQWULEXWLRQVIURPDOODUULYLQJSDUWLFOHV7KHSUR¿OHRIWKLV
1$&:VXSSO\JUHHQOLQHLQ)LJ¿WVWKHREVHUYDWLRQVUHPDUNDEO\ZHOOLQDOOVLPXODWLRQV
although becomes progressively better as we introduce diapycnal motions and added diffusion. 
The goodness of this agreement, which depends on both the particle pathways and the NACW 
FRQWHQWDWWKHORFDWLRQZKHUHWKHSDUWLFOHVHQWHUWKHER[SHUPLWVIXUWKHUFRQ¿GHQFHLQWKHPRGHO
YHORFLW\¿HOG LH LI WKHHQWU\SDWKZD\VZHUH LQFRUUHFW WKHQWKH1$&:VXSSO\ZRXOGGLIIHU
from the proportion of NACW observed within the naOMZ box.
6HYHUDOLQÀRZVDUHFOHDUO\GLVWLQJXLVKHGLQ)LJXUHDDQGWKHLUFRQWULEXWLRQWRWKHWRWDOVXSSO\
is summarized in Table 4.1. Within the uCW, the shallow northward branch from the NEUC 
DQGWKHGLUHFWLQÀRZRIWKHQ1(&&DUHWKHPDMRUFRQWULEXWRUVZLWKRQO\DPLQRULQÀRZ
arriving north of the Cape Verde Islands (5%). For the lCW, the water supply is more northerly: 
the combined contribution of the NEUC and nNECC is halved (28%), a pronounced maximum 
LQÀRZRFFXUV YLD WKH&9&DW 1  DQG WKH LQÀRZQRUWK RI WKH&DSH9HUGH ,VODQGV
(30%) mainly via the nCVC. At the core of the naOMZ (ı27.1), a major contributor (27%) is 





third of the total supply, in remarkable contrast with the importance traditionally assigned to the 
Figure 4.5.:DWHUVXSSO\DFURVVWKHQD20=FRQWUROVHFWLRQLQWKH'.VLPXODWLRQD7KHQRUPDOL]HGGHQVLW\
of inwards particles (colored) is compared to the along-section proportion of observed NACW (blue contours). (b) 
7KHQRUPDOL]HGORFDOVROLGOLQHVDQGDORQJVHFWLRQFXPXODWLYHGDVKHGOLQHVLQÀRZRIDOOSDUWLFOHVLVUHSUHVHQWHG
in different color for different levels and layers (see inset legend); similarly (c) for 30N particles. (d) Average ad-
vection times (in years) between the time particles cross the naOMZ control section and the time they reach their 
seeding location; for comparison, the contour of 0.05 units of the density of inwards particles (displayed in a) is 
shown with black line. The control section is displayed in Figure 4.3.
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southern pathways (NICC and nNECC) in the water mass renewal of the naOMZ. Morover, 
QRWLFH WKDW WKH FRQWULEXWLRQ RI 1 SDUWLFOHV UHDFKHV XS WR D  DW ı )LJ F LQ
comparison with the 50% observed fraction of NACW (Figure 3.6), thus the supply from the 
northern subtropical gyre is still underestimated in this simulation at this level. Additionally, 
the mean advection times for arrival from the control section to the naOMZ box (Fig. 4.5d) are 
much shorter for the northern pathways than for the southern ones.
4.3.5 Diapycnal component
7KHFKDQJHV LQ WKHSDWKZD\V IRU WKH ,62.DQG'.VLPXODWLRQV LQGLFDWHD UHPDUNDEOH
role of the diapycnal motions in the renewal and vertical redistribution of the naOMZ water 
mass, especially within the lCW. To understand why this occurs, we look at the evolution of 
the density distribution of particles ending at several density levels within the naOMZ (Fig. 
4.6). As expected, the density distributions are Gaussian-like, approximately centered around 
WKHHQGLQJGHQVLW\OHYHO)RUVRPHGHVWLQDWLRQOHYHOVKRZHYHUWKHUHDUHVLJQL¿FDQWQHWXSZDUG
or downward deformations (Fig. 4.6a). Particles ending in the upper levels of the naOMZ, 
above ı26.7, come mainly from higher densities thus pointing to upward diapycnal velocities 
(Fig. 4.6b). And conversely, below ı26.7, particles mostly have a lighter density origin, i.e. 
Table 4.1.&RQWULEXWLRQRIWKHGLIIHUHQWÀRZVWRWKHZDWHUPDVVVXSSO\:0RIXSSHU&HQWUDO:DWHUX&:
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downward diapycnal velocities. This contrasting behaviour within the uCW and lCW is added 
to the distinct horizontal patterns already shown in the previous sections for the two layers.
However, these results should be taken with caution since, as noted earlier in section 2, 
z-coordinate models as ECCO2 may induce spurious diapycnal mixing especially in those levels 
where the isopycnals are more vertically slanted, such as in the upper levels. In order to verify 
if the diapycnal processes leading to the distributions are within realistic values, we estimate 
the mean diapycnal velocity as the change in time of the average density of a subset of particles 
WKDWHQGLQDVSHFL¿FGHQVLW\OHYHO)LJE:HPD\DVVLJQWKLVDYHUDJHGHQVLW\WRWKHPHGLDQ
of the density distribution at a given time. The mean diapycnal velocities calculated in this way 
range between +4.1×10-10 kg m-3 s-1 in the upper levels and -1.8×10-10 kg m-3 s-1 in the lower 
levels. These values may be compared with the average diapycnal velocity as obtained from the 
GUTRE tracer experiment [Banyte et al., 2012] carried out in this same region; the velocity at 
Figure 4.6.D3RWHQWLDOGHQVLW\GLVWULEXWLRQIRU¿YHVHWVRISDUWLFOHVHDFKVHWFRUUHVSRQGVWRDGLIIHUHQWFRORUDV




initially larger (smaller) densities.
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ı26.9 was determined to be +1.5±2.7×10-10 kg m-3 s-1, slightly smaller but of the same order of 
magnitude as our estimates. This result suggests that the net diapycnal supply deduced from 
the Lagrangian simulation is not grossly biased by spurious diapycnal mixing. Therefore, this 
GLDS\FQDOÀX[FDQEHDWWULEXWHGWRDUHDOODUJHVFDOHSURFHVVWKDWLVUHDVRQDEO\ZHOOUHSURGXFHG
in the ECCO2 model.
The exchange of particles between distinct density levels (Fig. 4.6) points out that diapycnal 
ÀX[HVVKRXOGKDYHDQLPSDFWRQWKHQD20=UHQHZDOWLPHVDVGLIIHUHQWOHYHOVKDYHGLIIHUHQW
advection times (Fig. 4.4). We can quantify the contribution of this diapycnal component in the 
renewal of the naOMZ water mass by comparing the Lagrangian simulations with and without 
GLDS\FQDOÀX[HV'.DQG,62.7KHRQO\GLIIHUHQFHEHWZHHQWKHWZRRXWFRPHVZLOO
UHVSRQGWRWKHGLDS\FQDOÀX[HV$¿UVWVWHSLVFRPSXWLQJWKHIXQFWLRQn(t), that counts the amount 
of particles within naOMZ as a function of time, thereby identifying the time scales of water 
Figure 4.7.5HVXOWVIURPWKH,62.DQG'.VLPXODWLRQVEOXHDQGUHGOLQHVUHVSHFWLYHO\D7HPSRUDOLQFUHDVH
LQWKHSURSRUWLRQRISDUWLFOHVDVWKH\¿OOWKHQD20=FRQWUROVHFWLRQVKRZQLQ)LJXUHIRUWKUHHGLIIHUHQW¿QDOGHQVLW\
levels; when the proportion of particles reaches 100% the naOMZ is assumed to be completely renewed. (b) Number of years 
UHTXLUHGWR¿OOWKHFRQWUROVHFWLRQDWWKHDQGOHYHOVDVDIXQFWLRQRIWKH¿QDOGHQVLW\OHYHOF0HDQYHUWLFDOSUR¿OH
VROLGOLQHRIWKHGLDS\FQDOÀX[FRQWULEXWLRQWRWKHUHQHZDORIWKHQD20=IGLDVHHWH[WSRVLWLYHQHJDWLYHYDOXHVUHSUHVHQW
enhanced/reduced diapycnal water supply. fdia is computed for different times of the simulation. One standard deviation from 
the mean is plotted with dashed lines.
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mass renewal (Fig. 4.7a). When this function reaches 100%, the naOMZ is completely renewed, 
full of particles; this moment corresponds to the beginning of the backward simulation. From 
this function, inferring the renewal times, i.e. the required time to renew a certain percentage 
of the whole naOMZ water mass, is straightforward (Fig. 4.7b). Renewal times in the uCW are 
typically two to three times shorter thant in the lCW (blue lines in Figure 4.7b).
7KHLQÀRZRISDUWLFOHV WRZDUGV WKHQD20=LVJLYHQE\ WKHFKDQJHRIn(t) in time, F(t)=dn/
dt:HPD\ WKHQ FRPSXWH WKH SXUHO\ LVRS\FQDO LQÀRZFiso(t) REWDLQHG IURP WKH ,62.
VLPXODWLRQ DQG WKH LVRS\FQDOGLDS\FQDO LQÀRZF3D(t) IURP WKH '. H[SHULPHQW 7KH
HIIHFWRIGLDS\FQDOÀX[HVLQWKHZDWHUPDVVUHQHZDORIWKHQD20=LVTXDQWL¿HGDVfdia= Fdia/
F3D= (F3D-Fiso)/F3D .
)LJXUHFVKRZVWKHDYHUDJHYHUWLFDOSUR¿OHRIfdia. Below ı26.7, fdia is positive because a large 
proportion of particles ending in these levels come originally from lighter and swifter levels 
(Fig. 4.6b). As a consequence of this prevailing downwelling, the water supply to the naOMZ 
is enhanced about 10-20% within the lCW. On the other hand and within most of the uCW, the 
predominant upwelling leads to a 10% weakening of the water mass renewal.
4.4. Discussion and conclusions
The water mass supply to the naOMZ has been studied through four Lagrangian numerical 
simulations. The simulations reveal distinct dynamics and pathways in the upper and lower 
CW layers. The uCW presents stronger ventilation than the lCW with renewal times two to 
WKUHH WLPHV VPDOOHU7KLV LV DWWDLQHG WKURXJK WKHPRUH HI¿FLHQWZDWHU VXSSO\ DVFULEHG WR WKH
Subtropical Cell [Schott et al., 2004] and thus mainly (56%) carried out by the nNECC and 
the northward branching of the NEUC, with a predominant contribution of southern origin 
particles. However, within the lCW these jets markedly reduce their contribution in accordance 
with an enhancement in the supply of jets located further north, simultaneous with an abrupt 
increase in the proportion of northern origin particles. In fact, more than two thirds of the total 




nCVC fed with waters recirculating from the northern subtropical gyre (30%).
In contrast with previous Eulerian studies, the Lagrangian description simultaneously 
LQFRUSRUDWHV WKH VHDVRQDO YDULDELOLW\ WKHGLDS\FQDO H[FKDQJH DQG WKHPHVRVFDOH HGG\¿HOG
Thus, the comparison of different Lagrangian simulations of increased complexity allows 
LVRODWLQJWKHFRQWULEXWLRQRIWKHLVRS\FQDOGLDS\FQDOÀX[HVDQGWKHPRGHOVXEJULGVFDOHHGG\
diffusion to the water supply. While the markedly distinct isopycnal circulation patterns of 
the uCW and lCW lead to the abrupt thermohaline transition at ı WKHGLDS\FQDOÀX[HV
smooth this transition through the interlayer exchange of particles. Furthermore, the Lagrangian 
simulations reveal prevailing diapycnal velocities of opposite sign within each layer. This fact 
is especially relevant within the sluggish lCW, where downwelling (from shallower and faster 
to deeper and slower density levels) prevails along the trajectories, enhancing the water supply 
E\XSWR7KLVUHVXOWSRLQWVWRWKHVLJQL¿FDQWUROHWKDWGLDS\FQDOÀX[HVSOD\LQWKHZDWHU
renewal of the naOMZ, in agreement with the results of Fischer et al. [2013].
Another remarkable element in the water supply to the naOMZ is the relevance of meridional 
eddy stirring, as recently shown by Hahn et al. [2014] through the analysis of the latitudinal 
YDULDELOLW\LQWKHR[\JHQ¿HOG,QRXUFDVHWKHQRQIXOO\HGG\UHVROYLQJ(&&2¿HOGLVXQDEOH
to correctly reproduce the water mass composition of the naOMZ. Nevertheless, the addition 
of parameterized subgrid-scale diffusion in the computation of trajectories leads to the accurate 
VLPXODWLRQ RI WKH REVHUYDWLRQDO K\GURJUDSKLF SUR¿OHV$ PDMRU FRQVHTXHQFH RI WKLV DGGHG
diffusion is the reduction of the water renewal times (by 25%) due to an enhanced water transfer 
from the meridional boundaries of the naOMZ, i.e. the NEUC/nNECC region at the south and 
the subtropical gyre at the north.
Our results imply that the traditionally constraint for the OMZ ventilation from the subtropical 
gyre [Luyten et al., 1983] is limited, at least in the North Atlantic, to those layers above ı26.8, 
LHLQWKHX&:VWUDWXP,QFRQWUDVWZLWKLQWKHO&:DZHDNEXWVLJQL¿FDQWVRXWKZDUGSDWKZD\
exists from the subtropical North Atlantic to its shadow zone, with major implications for the 
oxygen supply to the naOMZ.








In this dissertation we have presented a consistent and comprehensive description of the circu-
lation in the North Atlantic shadow zone through the analysis of both hydrographic and velocity 
data from observations and numerical models. The present results provide a valuable contribu-
tion to better understand the role of circulation and diffusion in the ventilation of the naOMZ. 
Chapter II provides novel estimates of the transport associated with the continental slope current 
system off NW Africa during the fall season, as deduced from direct observations taken during 
the CANOA 2008 cruise. The description characterizes the circulation in the slope region of 
WKHVKDGRZ]RQHDWDWLPHZKHQWKHQRUWKZDUGÀRZLVPD[LPXPDQGWKXVWKHYHQWLODWLRQRI
the naOMZ is more intense, occurring through the seasonal development of the Mauritanian 
Current and the Poleward UnderCurrent. This dynamical description is complemented with a 
ZDWHUPDVVDQDO\VLVZLWKLQWKH&HQWUDO:DWHUVWUDWXPLQRUGHUWRGLVFHUQWKHH[FKDQJHEHWZHHQ
the tropical and subtropical regimes.
,QFKDSWHU,,,WKHSLFWXUHSUHVHQWHGLQWKHSUHYLRXVFKDSWHULVH[WHQGHGWRWKHDQQXDOFOLPDWR-
ORJLFDOPHDQIRUWKHZKROHQD20=7KLVLVDWWDLQHG¿UVWO\WKURXJKWKHJHQHUDWLRQRIDQHZ
dataset with historic temperature and salinity observations within the tropical North Atlantic. 
The temperature-salinity dataset is used to compute the content of NACW and SACW through 
the implementation of a water mass analysis. Secondly, a numerical model is used to unveil the 
circulation pattern that leads to this water masses distribution. A good agreement is observed 
EHWZHHQERWKWKHREVHUYDWLRQDODQGQXPHULFDOYHORFLW\¿HOGVSURYLGHGLQFKDSWHUV,,DQG,,,
The water mass pathways to the naOMZ are computed in chapter IV through several Lagran-
gian simulations that include the long spatio-temporal scales dynamics described in the previ-
RXVFKDSWHUV)RXUGLVWLQFWVLPXODWLRQVRIGLVWLQFWFRPSOH[LW\DUHSHUIRUPHGLQRUGHUWRGHVFULEH
and quantify the role played by diapycnal and eddy diffusion, in addition to isopycnal advec-
tion, in the water mass renewal of the naOMZ. The simulated Lagrangian pathways provide 
DQDOWHUQDWLYHZD\RIYDOLGDWLQJWKH(&&2YHORFLW\¿HOGWKURXJKWKHFRPSDULVRQEHWZHHQWKH




7KHRULJLQRIWKHUHPDUNDEOHYHUWLFDOWKHUPRKDOLQHWUDQVLWLRQDWıș NJP-3 (roughly 
PGHSWKLVFRQ¿UPHGZLWKGLUHFWYHORFLW\REVHUYDWLRQV$SUHGRPLQDQWQRUWKZDUGÀRZRI
SACW is observed above  ıș  NJP-3 while a southward current transporting NACW 
LQÀXHQFHGZDWHUVLVGHWHFWHGEHORZWKLVGHQVLW\OHYHO
7KHQRUWKZDUGÀRZDERYHıș  NJP-3 is comprised by the Mauritanian Current (MC) 
at the surface layer ( ıș NJP-3 ) and the Poleward UnderCurrent (PUC) at subsurface 
ıș 'LUHFWYHORFLW\$'&3PHDVXUHPHQWVJLYHDPD[LPXPWRWDOWUDQVSRUWRI




* In contrast, a southward transport of 0.8 Sv is observed below  ıș  NJP-3 south of Cape 
%ODQFZLWKDQLPSRUWDQWVLJQDORI1$&:$OWKRXJKDVRXWKZDUGÀRZRI6YLVVWLOOREVHUYHG
DW1WKLVFXUUHQWGRHVQRWDSSHDUWRFRQWLQXRXVO\H[WHQGDORQJWKHFRQWLQHQWDOVORSHGLUHFWO\
linking the subtropical gyre with the tropical gyre. Instead, it appears to be fed mostly from the 
ocean interior in some basin-wide anticyclonic gyre.
* A regional water mass variety is proposed for the naOMZ thermocline. This is the Cape Verde 
6$&:6$&:FYDPL[WXUHRI6$&:DQG1$&:EXWZLWKR[\JHQH[KDXVWHGDIWHUWKHORQJ
residence time characteristic of the naOMZ.
* The analysis of the historic temperature-salinity dataset shows that the vertical thermohaline 
WUDQVLWLRQH[WHQGVRYHUWKHZKROH1RUWK$WODQWLFVKDGRZ]RQHSRLQWLQJWRGLIIHUHQWZDWHUG\-
namics above and below ıș  NJP-3.







* The shadow zone thermocline is completely made up of SACW within the uCW while there 
LVDFRQWULEXWLRQRI1$&:ZLWKLQWKHO&:DWWKHFRUHRIWKHQD20=DWıș NJP-3), 
ZKHUHPLQLPDOR[\JHQFRQWHQWLVREVHUYHG7KLVUHVXOWLPSOLHVDUHPDUNDEOHOLQNEHWZHHQWKH




the uCW is governed by the broad cyclonic circulation of the subtropical cell (STC) that in-
cludes substantial along-path upwelling. Below  ıș  NJP-3WKHPRGHOOHGYHORFLW\¿HOG
VXJJHVWVWKHH[LVWHQFHRIDORZHUVXEWURSLFDOFHOOZLWKLQWKHO&:ZLWKDQLQYHUVHEXWZHDNHU
FLUFXODWLRQDVFRPSDUHGWRWKHX&:LHDQDQWLF\FORQLFÀRZSDWWHUQDQGSUHGRPLQDQWGRZQ-
welling. This contrasted scheme of circulation ensures the supply of pure SACW to the uCW 
while an increased contribution of NACW in the lCW, in agreement with the previously pre-
VHQWHGREVHUYDWLRQDOYHORFLW\¿HOGVDQGZDWHUPDVVGLVWULEXWLRQV
* The essential role played by the upper and lower STCs in the circulation of the shadow zone, 
together with their substantial interannual and interdecadal variability [Schott et al., 2007, 
Deutsch et al.,@KLJKOLJKWVWKHLPSRUWDQFHRIRXUUHVXOWVIRUDQLPSURYHGXQGHUVWDQGLQJ
of the temporal evolution of the naOMZ.
2QHNH\HOHPHQWLQWKLVPRGHOLQIHUUHGVKDGRZ]RQHFLUFXODWLRQLVWKHH[LVWHQFHRIDEURDG
EDQGRIHDVWZDUGÀRZVORFDWHGEHWZHHQ1DQG1DWODWLWXGHVMXVWEHORZWKHZHVWZDUG
ÀRZLQJ1(&DVDOVRUHSRUWHGLQWKH3DFL¿F2FHDQIURPREVHUYDWLRQDOVWXGLHVQiu et al. 2013a, 
E7KHVHÀRZVKHUHUHIHUUHGDVWKH&DSH9HUGH&XUUHQWV\VWHPDSSHDUWREHWKHPDMRU
water supplier to the shadow zone.
General Conclusions
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* The accurate numerical reproduction of the water mass composition within the naOMZ ther-




to the northward branching of the NEUC and to the nNECC, with a predominant contribution of 




subtropical gyre to the shadow zone, emerging as an essential component of the ventilation of 
the naOMZ.
* In addition to the very different ventilation pathways for the uCW and lCW strata, the renewal 
times within the shadow zone are two to three times smaller in the upper layer.
'XHWRWKHW\SLFDOORQJUHVLGHQFHWLPHVZLWKLQWKHVKDGRZ]RQHGLDS\FQDOGLIIXVLRQDSSHDUV




* Eddy diffusion remarkably enhances the water supply to the stagnant shadow zone. The con-
tribution of the subgrid-scale eddies has been estimated through along-pathway parameteriza-
WLRQ7KHVROHFRQWULEXWLRQRIWKHVHVPDOOHUHGGLHVOHVVWKDQNPOHDGVWRDUHGXFWLRQ





5.2 Ongoing and future research
A detailed picture of the main elements in the circulation of the North Atlantic shadow zone is 
unveiled from this dissertation. It also opens many questions, some of which are the subject of 
ongoing and future research.
2QHRIWKHPRVWUHOHYDQWHOHPHQWVQRWVSHFL¿FDOO\DGGUHVVHGLQWKLVZRUNLVWKHUROHWKDWPHV-
oscale eddies play in the water renewal of the shadow zone. Although our Lagrangian simula-
WLRQV LQFOXGH WKHHGG\¿HOG WRJHWKHUZLWKGLDS\FQDOÀX[HVZHKDYHRQO\HVWLPDWHG WKHUROH
of the latter in the renewal of the thermocline. Analogously to the estimation of the diapycnal 
FRPSRQHQWLQVHFWLRQSUHOLPLQDU\UHVXOWVWKDWFRPSDUH/DJUDQJLDQVLPXODWLRQVLQFOXGLQJ
WKH'.VLPXODWLRQDQGQRW LQFOXGLQJ WKHHGG\¿HOG VLPXODWLRQXVLQJFOLPDWRORJLFDO











eastern tropical margin for the total poleward transport, in relation to the upper limb of the Me-
ridional Overturning Circulation (MOC). Our direct observations show up to 3 Sv of northward 
ÀRZLQIDOODORQJWKHFRQWLQHQWDOVORSHDPRXQWLQJWRRIWKHWRWDO02&WUDQVSRUW6Y
which has been traditionally ascribed to occur along the western margin. Moreover, chapter 




recirculating southward in the western margin as part of the tropical gyre? Lagrangian simula-
tions appear again to be a useful tool to answer this question. Ongoing work shows that roughly 
half of the total MOC northward transport enters into the northern subtropics east of the western 
margin via the ocean interior and along the eastern margin. The large amount of heat gained 
along this tropical pathway, in comparison with the western pathway, highlights the importance 










The Optimum Miltiparameter  analysis (OMP) used in Pastor et al. [2012] aims to solve the 
following linear system of mixing equations for each water sample: 
ZKHUHși, Si, (PO4)i, (SiO4)i, and (O2)i DUHWKHYDOXHVIRUHDFKVRXUFHZDWHUPDVVDQGșobs, 
Sobs, (PO4)obs, (SiO4)obs, and (O2)obs are the observed values, the last equation being for 
mass conservation.
Before resolving the system, the water type matrix is normalized to commensurate the different 
variables, and different weights are applied to each variable. The weights (Wj) are calculated 
following Tomczak and Large [1989]:
ZKHUHı LV WKH VWDQGDUGGHYLDWLRQRI WKHZDWHU W\SHPDWUL[ IRUYDULDEOH j, a measure for the 
ability of variable j WRUHVROYHGLIIHUHQFHVLQZDWHUPDVVFRQWHQWDQGįjmax is a measure of the 
environmental variability of the variable j that characterizes the water type, here estimated as the 
largest variance in variable j IRUWKHGH¿QLWLRQRIDQ\ZDWHUW\SH:HLJKWVDUHWKHQQRUPDOL]HG
to temperature, i.e., a weight of one is given to temperature and values less than one to the other 
variables, and a weight of 10 is assigned to equation 6 in order to emphasize mass conservation.
$Q HVVHQWLDO FRPSRQHQW RI 203 LV WKH GH¿QLWLRQ RI WKHZDWHU W\SHPDWUL[:H IROORZ WKH
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DSSURDFKRIGH¿QLQJYDOXHVLQWKHYLFLQLW\RIWKHVWXG\UHJLRQUDWKHUWKDQLQWKHUHPRWHDUHDVRI
water mass formation. The values used are given in Table A.1. Subsurface inorganic nutrients 
may be affected by the sinking and remineralization of organic matter (e.g. Llanillo et al. [2012]); 
however, by using the local water types we expect to minimize these remineralization effects. 
:HZLOOQHYHUWKHOHVVKDYHWRFKHFNa posteriori the implicit underlying assumption behind the 
OMP classic analysis; i.e., that phosphates, silicates, and oxygen are approximately independent 
and conservative.
Six source water masses may be discerned in the study area. The upper part of the water 
FROXPQGRZQWRıș LVGRPLQDWHGE\WKHFHQWUDOZDWHUPDVVHVRIQRUWKHUQ1$&:
DQGVRXWKHUQRULJLQ6$&:+HUHZHKDYHXVHGWKHș-S characteristics that Tomczak (1981) 
GH¿QHGXVLQJK\GURJUDSKLFGDWDIURPWKHUHJLRQWR1'XHWRWKHLUIRUPDWLRQSURFHVVWKH
ș6UHODWLRQVKLSIRUFHQWUDOZDWHUVLVGH¿QHGE\DVWUDLJKWOLQH0DPD\HY7KHUHIRUHLQ
RUGHUWRFKDUDFWHUL]HDFHQWUDOZDWHUPDVVLQWKHıșrange 26.46–27.14, we require two source 
ZDWHUW\SHVLHIRUHDFKZDWHUPDVVZHQHHGXSSHU8DQGORZHU/HQGPHPEHUV1$&:U, 
1$&:L6$&:U6$&:L).
An additional water type of southern origin is detected in the southernmost part of the study 
region, at stations along the continental slope above 200 m depth, in waters having a relative 
VDOLQLW\DQGWHPSHUDWXUHPLQLPXPDQGR[\JHQPD[LPXP7KLVYDULHW\KHUHQDPHG6$&:
KDVEHHQSUHYLRXVO\LGHQWL¿HGDVDUHJLRQDO6$&:YDULHW\IURPWKHWURSLFDOUHJLRQ>Fraga F., 







using those southern stations that display a salinity minimum in the central water mass layer.
7ZRZDWHUPDVVHVDUHIRXQGDWLQWHUPHGLDWHOD\HUV0:DQG$$,:7KHș6YDOXHVIRU0:
KDYH EHHQ GHULYHG IURP WKH:RUOG 2FHDQ &LUFXODWLRQ ([SHULPHQW :2&( +\GURJUDSKLF
Climatology [Gouretski, V. and Koltermann, 2004], by searching the temperature and salinity 
values that correspond to the salinity maximum in an intermediate layer within a region bounded 
E\ODWLWXGHVDQG1DQGIURPWKHFRDVWWRNPRIIVKRUH)RUWKH$$,:ZHXVHGD
PRGL¿HGW\SHGH¿QHGE\Fraga et al.>@DWDERXW1DYDULHW\WKDWZDVDOVRHPSOR\HGE\
Perez et al. [2001] to study the regional water masses. 
+DYLQJDVVLJQHGWKHș6FKDUDFWHULVWLFVRIWKHVRXUFHZDWHUW\SHVZHGHWHUPLQHGWKHLUQXWULHQW
and dissolved oxygen characteristics using stations in our data set that closely match each 
VRXUFHZDWHUW\SHș6GH¿QLWLRQ7KHVDPHGDWDIURPWKH:2&(FOLPDWRORJ\KDVEHHQXVHGIRU
WKH0:
+HQFH VHYHQ VRXUFH ZDWHU W\SHV DUH LGHQWL¿HG LQ WKH VWXG\ GRPDLQ 1$&:U 1$&:L, 
6$&:U6$&:L6$&:0:$$,:+RZHYHUIURPWKHDYDLODEOHYDULDEOHVDPD[LPXP
of six source water types may be resolved as contributing to any observed water mixture. 
Therefore, we have followed a procedure where the data set has been divided into two groups, 
QRUWKRU VRXWKRI1 VR WKDW DW DQ\ ORFDWLRQRQO\ VL[ZDWHU W\SHV FRQWULEXWH WR WKHZDWHU
mixture (Table A.2).
This grouping is not arbitrary. The central and intermediate layers were analyzed considering 
Table A.2. Bounding latitudes and densities, and water types used to group the data in three subsets for the optimum multipa
rameter analysis. 
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CUC: Canary Upwelling Current




























sCVC: southern Cape Verde Current
SEC:6RXWK(TXDWRULDO8QGHUFXUUHQW
SEIC:6RXWK(TXDWRULDO,QWHUPHGLDWH&XUUHQW
SST: Sea Surface Temperature
STC: Subtropical Cell
STG: Soubtropical Gyre
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